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Abstract 
 
 
 
An innovative current collection architecture for micro-tubular solid 
oxide fuel cells (SOFC) has been developed. A nickel wire is coiled around 
a thin carbon composite rod in order to fabricate cell supports. Different 
carbon composites such as pencil leads and carbon fibres were investigated.  
The cell support was then coated with ceramic slurries based NiO/YSZ and 
YSZ for anode and electrolyte, respectively, by successive dip coatings. 
Effect of thermal behaviour, porosity, amount of binder and dip coating 
parameters were conjunctly analysed to produce anode and electrolyte 
crack-free layers with the thickness desired. Pyrolisable materials were then 
eliminated under air atmosphere at 800ºC followed by co-sintering of half-
cells at 1380ºC for 2 h in argon to avoid the oxidation of the nickel wire. In 
order to complete the cells, sintered half-cells were dipped into cathode inks 
consisted of LSM-YSZ composite for a functional layer and LSM pure to 
increase the electrical conductivity of the cathode. The cathode was also 
sintered at 1150ºC for 2 h under argon atmosphere.  
Complete cells with an outer diameter below 1.2 mm and length of 30 
mm with an effective cathode length of 20 mm and whose active cathode 
area is 0.75 cm2 were produced.  
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The efficiency of the current collector method developed is evaluated by 
comparison with the performance of a micro-tubular cell produced and 
tested under similar conditions, but with a common current collection 
method. The results of I-V curves shown that the innovative current 
collection method enhances the performance of a typical micro-tubular cell 
in the order of 3-4 times. The improvement in performance is attributed to 
the reduction of current paths of the micro-tubular cells. 
Suggestions for the production and characterization of current collector-
supported micro-tubular cells are also given. 
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Preface 
 
 
 
This thesis is the second stage of a research project about the production 
of micro-tubular solid oxide fuel cells developed by the ceramics group at 
Department of Materials Engineering of the University of Trento. 
A couple of years ago, the first stage of this research involved a 
conceptual novel current collection method. The results showed the 
potentially of the concept and many observations were done to the 
development of these devices. 
In the current research activity different approaches in design and 
production were considered for the development of the innovative current 
collection method and after many attempts its efficacy has been 
demonstrated. 
Despite all the research related to the development of micro-tubular cells 
there are still some areas that can be improved upon. Specifically, the 
current collection method from the inner electrode has been one of the most 
concerned issues. The current collection methods frequently used by many 
researchers around the world involve techniques with low electric contact 
between the electrode and current collector, thus causing considerable 
ohmic losses due to longer current paths inherent to the tubular cell 
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geometry. Furthermore, the electrical connections involve an extra step 
during assembly which becomes much more arduous when scaling down the 
diameter of the cells.  
The current collection method described in this thesis offers an easy and 
effective way to integrate the current collector within the inner electrode 
during the production process. The main benefits are an homogeneous 
current collector along the cell length and the reduction of current paths. 
Additionally, the terminals of the cells completed are available to be 
connected easily without putting in risk the integrity of the cell or depending 
of the skills of an assembler.  
This thesis is divided into 4 chapters; in the first chapter an introduction 
of the importance and motivations for micro-tubular cells interest among 
scientists from different fields as the next power system source for portable 
and mobile applications is given. 
In chapters 2 and 3 the techniques, approaches and results accompanied 
by a discussion to understand the effect of the integrated current collector 
within the anode on the processing and performance of the micro-tubular 
cells are described. 
Finally, in chapter 4 the most significant achievements are summarized 
and other current issues under analysis are reported.  
Although further analysis should be required for the optimization of the 
proposed current collection method, this research represents a significant 
and tangible improvement in the development and overall knowledge of 
micro-tubular solid oxide fuel cells. 
 
 
1. Literature Review 
 
 
 
1.1 Fuel Cell: General Aspects 
1.1.1 Definition of a fuel cell 
 
Fuel cells are electrochemical energy conversion devices which can 
continuously convert the chemically energy of a fuel and an oxidant into 
electrical energy and heat, without involving direct combustion as an 
intermediate step [1]. Since fuel cells convert chemical energy directly into 
electricity, they offer many advantages over traditional power sources such 
as improved efficiency, greater fuel diversity, high scalability, and have a 
lower impact on the environment [2-4]. Theoretically, fuel cells can produce 
electricity for as long as fuel (hydrogen, ethanol, methanol, or gaseous 
fossils fuels like natural gas) and oxidant (oxygen or air) are fed, but its 
degradation on service limits the practical life of the devices. 
The basic structure of a fuel cell as shown in figure 1.1 consists of two 
electrodes electrically connected with a consumer load and separated by an 
electrolyte. The operating principle is based on the flux of electrons from 
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the anode to the cathode while the ions (positives or negatives) move 
through the electrolyte. 
 
 
Figure 1.1. Schematic diagram of a single fuel cell (oxygen ion conductor - solid 
line, proton conductor - dashed line) [5].  
 
1.1.2 Types of fuel cells 
 
Many types of fuel cells have been developed; the most common 
classification is by the type of electrolyte (aqueous/liquid, polymeric and 
ceramic) and includes: Polymeric Electrolyte Membrane (PEMFC), 
Alkaline (AFC), Phosphoric Acid (PAFC), Molten Carbonate (MCFC), and 
Solid Oxide (SOFC) fuel cells. The main characteristics of fuel cells are 
summarized in Table 1.1. 
1 – Literature Review 
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Table 1.1. Characteristics of main types of fuel cells 
 PEMFC AFC PAFC MCFC SOFC 
Electrolyte 
Polymeric 
membranes 
Potassium 
hydroxide 
Phosphoric 
acid 
Molten 
carbonate 
Ceramic 
Charge 
carrier 
H+ OH- H+ CO32- O2- 
Catalyst Platinum Platinum Platinum 
Electrode 
material 
Electrode 
material 
Operating 
Temperature 
(ºC) 
40-80 65-220 150-205 650 600-1000 
Fuel 
Pure H2,  
CO 
intolerant 
Pure H2,  
CO 
intolerant 
Relatively 
pure H2 
Flexibility Flexibility 
 
The most important advantage of low and medium temperature fuel cells 
(PEMFC, PAFC and AFC) is a short start-up time which gives a great 
potential for mobile and portable electrical systems, though they have low 
impurities tolerance and require precious metal catalyst that raises the costs 
of the device. 
For high temperature fuel cells (MCFC and SOFC), characteristics such 
as higher electrical efficiency and continuous electrical production allow 
stationary applications, but long start-up times and periodical maintenance 
must be considered. 
1 – Literature Review 
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The solid oxide fuel cells have exceptional potential for use as electric 
power generation systems, because of their high energy conversion 
efficiency which can reach up to 65%. In addition, the use of a solid and non 
corrosive electrolyte in SOFC is another advantage compared to the other 
high temperature fuel cell (MCFC). 
 
1.2 Solid Oxide Fuel Cell 
1.2.1 Overview 
 
 Solid oxide fuel cells (SOFCs) are the most efficient devices yet 
invented for conversion of chemical fuels directly into electrical power. 
These fuel cells provide many advantages over traditional energy 
conversion systems including high efficiency, reliability, modularity, fuel 
adaptability, and very low levels of SOx and NOx emissions. Quiet, 
vibration-free operation of solid oxide fuel cells also eliminates noise 
usually associated with conventional power generation systems. 
Furthermore, because of their high operation temperature (800-1000ºC), 
some hydrocarbon fuels such as natural gas can be reformed within the cell 
stack eliminating the need for an expensive, external reformer [6,7].  In 
addition, the recovering heat of the hot gas exhausted from SOFC makes it 
possible to integrate with conventional heat engines such as gas turbine. 
Earlier theoretical studies show that synergic effect of these integrated 
1 – Literature Review 
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systems results in higher efficiencies (70%) than that of any power 
generation system constructed till today [8,9]. 
 SOFCs are potentially used in many areas, such as residential, 
communicational commercial, industrial and military services [10]. In the last 
decade, considerable efforts have been focused on SOFCs all over the world, 
and kilowatt range SOFC plants have been successfully constructed and are 
being designed for demonstration [11]. Currently, SOFC are being preferred 
with respect to PEM fuel cells for automotive auxiliary power units (APUs). 
This happens despite the slow start-up and beside the fuel flexibility, because of 
the following benefits: cogeneration and internal reforming opportunities; no 
need of water management; simple reformer technology; high electrical 
efficiency; no noble catalyst and low noise [12,13].   However, in order to 
achieve commercialization of SOFC technology, the cell costs have to be 
reduced remarkably, which can be achieved by; using less expensive materials, 
increasing the output density, improving the cell performance and reliability 
and more importantly by improving fabrication techniques [14]. 
 
1.2.2 Principle of operation 
  
As shown in figure 1.1, a single cell consists of three main components: 
an anode, a cathode and a solid electrolyte separating the two electrodes. In 
the case of SOFCs the air and hydrogen flow through cathode and anode, 
respectively. Under electrical load at the cathode surface the presence of 
perovskite catalyst enables oxygen ionization. The solid electrolyte allows 
1 – Literature Review 
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ଶ ൅ ܱଶି ՜ ܪଶܱ ൅ 2݁ି
oxygen ions flux to the anode, where they electro-oxidize hydrogen, thus 
releasing heat, water and electrons. Since electrolyte materials ensures 
quasi-zero electronic conductivity, electrons are forced to flow through 
interconnect and external load towards the cathode, thus closing the 
electrical loop [15]. 
The overall electrochemical reaction for SOFC is given by:  
Anode:          ܪ                                   (1-1) 
 
ܱଶ ൅ 2݁ି ՜ ܱଶି
ଶ ൅
ଵ
ଶ
Cathode:     
ଵ
ଶ
                                                (1-2) 
Total:           ܪ ܱଶ ՜ ܪଶܱ                                                (1-3) 
 
1.2.3 Polarization curve 
1.2.3.1 Nernst potential 
 
When the SOFC is not connected to an external load, there is no current 
flow outside of the cell and the operating voltage is equal to the open-circuit 
voltage (OCV). The OCV is typically assumed to the equilibrium Nernst 
potential for the overall electrochemical reaction [16]. 
 
ேܸ௘௥௡௦௧ ൌ െ
∆ீ೚
௡ி
െ ோ்
௡ி
ln ൬
௣ಹమೀ
൫௣ಹమ൯൫ඥ௣ೀమ൯
൰                         (1-4) 
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Where n is the number of electrons participating in the electrochemical 
reaction, R is the universal gas constant, F is the Faraday constant, T is the 
cell temperature and p the partial pressure for respective species. 
As the cells to supply current to an external load, it moves away from a 
state of equilibrium and the operating voltage drops due to irreversibilities 
associated with internal charge transfer, conduction and diffusion process. 
These irreversibilities are individually categorized as ohmic, activation and 
concentration polarizations. These polarizations can be considered as 
voltage losses and are given as follows: 
 
                               (1-5) 
 
Accordingly, cell voltage can be expressed as: 
 
                                    (1-6) 
 
Figure 1.2 shows the polarization curve of a fuel cell. In it, cell voltage 
is plotted against current density. Higher current densities induce higher 
losses. Ohmic losses dominate the central range of current, whereas 
activation and concentration losses are predominant at low and high current 
densities, respectively. 
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Figure 1.2. Schematic diagram of the polarization curve of a fuel cell [17]. 
 
1.2.3.2 Ohmic polarization 
 
Ohmic losses occur because of resistance resulting from the flow of ions 
in the electrolyte and the flow of electrons through the electrode (interfaces 
between the electrodes and the electrolyte and between the electrode and the 
current collectors (contact resistance)). The cell ohmic resistance depends 
on the anode, cathode and electrolyte resistances [18,19].  Ohmic 
polarization is expressed by Ohm’s law: 
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                                                 (1-7) 
 
Where ܴ ೔ is the ohmic resistance of anode, cathode and electrolyte; 
Ai is the respective area of the section where the current flows, δi  is the 
correspondent flow length and ρi is the material resistivity, which is a strong 
function of temperature.  
In most fuel cells the ohmic polarization is mainly caused by the 
electrolyte, though the cell resistance related to interconnectors or bipolar 
plates can also be important [20]. This kind of polarization can be reduced 
using highly conductive materials, thin electrolytes, and better performing 
interconnectors [21]. 
 
1.2.3.3 Activation polarization 
 
Chemical reactions, including electrochemical reactions, involve energy 
barriers that must be overcome by reacting species. This energy barrier is 
called the activation energy and results in activation polarizations, which is 
due to the transfer of charges between the electronic and ionic conductors 
[22]. Although it is generally supplied as heat, in fuel cells it is subtracted to 
the ideally available electromotive force and it is dissipated as heat. In 
general, activation overpotential depends on material properties and 
microstructure, temperature and pressure of the reactants and current density 
[23]. 
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This type of polarization is mostly due to the cathode electrode because 
the rate of oxygen reduction at the cathode is orders of magnitude slower 
than the rate of hydrogen oxidation reaction at the anode. 
 
1.2.3.4 Concentration polarization 
 
As fuel is depleted, hydrogen and oxygen partial pressures decrease at 
anode and cathode, respectively. The depletion rate depends on average 
current density drawn from the cell. As the current density increases, the 
partial pressures decrease and eventually an insufficient amount of reactants 
are transported to the electrodes [19]. When the electrode process is 
governed completely by diffusion, the limiting current, iL, is reached. The 
limiting current can be calculated from the diffusion coefficient of the 
reacting species, D, their concentration, CM, the number of electrons 
involved in the reaction to convert a single fuel molecule, z, and the 
thickness of the diffusion layer, δ, by applying Fick's law as: 
 
                                               (1-8) 
 
For an electrode process free of activation polarization, the diffusion or 
concentration polarization can be expressed as: 
 
ߟ஽ ൌ
ோ்
௭ி
݈݊ ቀ1 െ ௜
௜ಽ
ቁ                                        (1-9) 
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In general, mass transport is a function of temperature, pressure and 
concentration of the species involved. In SOFCs the reactants must diffuse 
through the porous anode and cathode, emphasizing the importance of the 
microstructure and design of electrodes [24]. 
The main source of this polarization is again the cathode, because 
oxygen diffusivity is significantly lower than that of hydrogen due to the 
larger oxygen molecule size. 
 
1.2.4 Materials for SOFC 
1.2.4.1 Electrolyte 
 
The electrolyte in SOFC should satisfy numerous requirements, 
including fast ionic transport, negligible electronic conduction, 
thermodynamic stability over a wide range of temperature and stability 
under oxidizing and reducing atmospheres. In addition, it must possess 
thermal expansion compatible with that of the electrodes and other 
construction materials, high density, negligible volatilization of 
components, suitable mechanical properties and negligible interaction with 
electrode materials under operation conditions [25,26]. 
The conductivity of the electrolyte determines the operating temperature 
of SOFCs. The temperature dependence of conductivity in typical solid 
oxide ion conductors is summarized in figures 1.3 and 1.4 for the high and 
lower temperature ranges, respectively.  
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Figure 1.3. Temperature dependence of electrical conductivity for oxide ion 
conductors (high temperature range) [26]. 
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Figure 1.4. Temperature dependence of electrical conductivity for oxide ion 
conductors (low temperature range) [26]. 
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i) Stabilized zirconia 
 
The most common solid electrolyte material used in solid oxide fuel 
cells is yttria-stabilized zirconia (YSZ). Yttria is added to stabilize the 
conductive cubic fluorite phase, as well as to increase the concentration of 
oxygen vacancies, and thus increasing the ionic conductivity. Figure 1.5 
shows that the conductivity of YSZ increases for yttria additions of up to 
about 8 mole% and then decreases for higher yttria contents. The decrease at 
higher dopant contents is due to association of point defects, which leads to 
a reduction in defect mobility and thus conductivity [27].  
 
 
Figure 1.5. Conductivity of yttria and scandia stabilized zirconia in air at 1000ºC 
[27 and references therein]. 
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A promising, although less widely used, dopant for zirconia is scandia, 
which, as shown in figure 1.5, has a higher conductivity than YSZ. The 
higher conductivity of the scandia-stabilized zirconia (ScSZ) is attributed to 
the smaller mismatch in size between Zr4+ and Sc3+, as compared to that 
between Zr4+ and Y3+, leading to a smaller energy for defect association, 
which increases mobility and thus conductivity [28-31]. However, this 
material has not been used as an electrolyte in SOFC, because of high 
temperature reduces its stability and because of high cost of scandia.  
 
ii) Doped ceria 
 
Gadolinia-doped ceria (CGO) have also attracted considerable interest 
as electrolyte materials for SOFC operating at intermediate temperature 
[32,33]. The major advantages of SOFC with Ce0.8Gd0.2O1.9-x (CGO) 
electrolyte are (i) the four to five times higher ionic conductivity at 
intermediate operating temperatures compared with YSZ [34-36], and (ii) 
the reduced ohmic losses resulting in higher fuel cell power outputs [37]. 
One of the major disadvantages of CGO compared with YSZ is its mixed 
ionic-electronic conductivity, which becomes dominant especially for high 
fuel cell operating temperature between 800 and 1000ºC. In this temperature 
regime, electronic leakage through the fuel cell electrolyte leads to short 
circuiting and decreased power performance [38]. 
Doped ceria is relatively unreactive towards potential electrode 
materials. At the present time reasonable performance has been reported 
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with Ni/ceria anodes and LSCF cathodes. Because doped ceria is only 
viable for operating temperatures below 600ºC, it must be used in a 
supported thick-film form. 
 
iii) Strontium/magnesium-doped lanthanum gallate 
 
The perovskite, LaGaO3, can be doped with strontium and magnesium, 
La1−xSrxGa1−yMgyO3 (LSGM), to produce a material with good low-
temperature oxygen-ion conductivity [38]. The conductivity of LSGM is 
higher than those of YSZ and ScSZ and similar to that of CGO. However, 
LSGM does not have an easily reducible ion, like Ce4+, and thus is superior 
to CGO for use in low oxygen partial pressures. The conductivity of LSGM 
depends on dopant concentration and comparison of 27 different 
compositions indicated the maximum conductivity was for 
La0.8Sr0.2Ga0.85Mg0.15O3 and La0.8Sr0.2Ga0.8Mg0.2O3 [39]. 
One of the approaches to increasing the conductivity of LSGM is to add 
transition metal dopants, such as cobalt [40-44] and iron [40,41,45]. 
However, both dopants also decrease the hole conductivity, which is 
detrimental to fuel cell performance. 
The reaction of LSGM with SOFC cathodes is different from that of 
zirconia or ceria, because most of the common cathode materials form the 
perovskite structure. Thus, rather than forming a separate phase, the 
interaction typically occurs through interdiffusion. For example, when used 
with a La1−xSrxMnO3 (LSM) cathode, some diffusion of manganese into 
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LSGM occurs [46]. In contrast, the most common anode material is the 
Ni/YSZ cermet, so interaction anode-electrolyte interaction is not a problem 
with YSZ electrolytes. However, for a LSGM electrolyte, a resistive phase 
can form between the LSGM and a Ni-containing anode [39]. 
 
iv) Other electrolytes 
 
Other materials which possess the characteristics to be considered as 
solid electrolyte materials are currently investigated, some of them includes:  
 
- δ-Bi2O3 and Bi4V2O11 based ceramics. 
- Materials based on La2Mo2O9 (LAMOX). 
- Perovskite- and brownmillerite-like phases derived from Ba2In2O5. 
- Perovskites based on LnBO3 (B=Al, In, Sc, Y). 
- Solid electrolytes with apatite structure (La10Si6O27 or Nd10Si6O27). 
- Pyrochlores and fluorite-type (Y, Nb, Zr)O2-δ. 
 
1.2.4.2 Anode 
 
The function of the anode in SOFCs is to facilitate the oxidation of the 
fuel and the transport of electrons from the electrolyte to the fuel/electrode 
interface. 
To minimize the polarization losses of the H2 oxidation reaction, anode 
materials should meet the basic requirements of high electronic 
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conductivity, sufficient electrocatalytic activity for fuel oxidation reactions, 
chemically stable and thermally compatible with other cell components. In 
addition, it must allow diffusion of fuel gas to this interface and exhaust 
gases in high temperature reducing environment [47-49]. 
Porous Ni/YSZ cermet is currently the most common anode material for 
SOFC applications because of its low cost. It is also chemically stable in 
reducing atmospheres at high temperatures and its thermal expansion 
coefficient is close to that of YSZ-electrolyte. More importantly, the 
intrinsic charge transfer resistance that is associated with the electrocatalytic 
activity at Ni/YSZ boundary is low. More than 30%, by volume, of 
continuous porosity is required to facilitate the transport of reactant and 
product gases. Nickel serves as an excellent reforming catalyst for 
electrochemical oxidation of hydrogen. It also provides predominant 
electronic conductivity for anode. The YSZ constitutes a framework for the 
dispersion of Ni particles and acts as inhibitor for the coarsening of Ni 
powders during both consolidation and operation. Additionally, it offers a 
significant part of ionic contribution to the overall conductivity [2,50]. 
Ni/YSZ cermet is currently a preferred anode since, Ni and YSZ are 
essentially immiscible in each other and non-reactive over a very wide 
temperature. This enables the preparation of a NiO-YSZ composite via 
conventional sintering followed by reduction upon exposure to fuel gases. 
The subsequent development of a very fine microstructure can be 
maintained during service for relatively a long period of time [4]. 
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The electrical conductivity of Ni/YSZ cermet is strongly dependent on 
its nickel content. The conductivity of the cermet as a function of the nickel 
content shows the S-shaped curve predicted by percolation theory (figure 
1.6) [51-53]. Below this threshold, the cermet exhibits predominantly ionic 
conducting behaviour. Above 30 vol% nickel, the conductivity is about 
three-orders of magnitude higher, corresponding to a change in mechanism 
to electronic conduction through metallic phase. The percolation threshold 
is revealed to be influenced by many variables such as the porosity, pore 
size, size distribution and size of raw powders as well as contiguity of each 
constituent component. The electrical behaviour of Ni/YSZ cermet is, 
therefore, a strong function of these factors [54-56]. 
The disadvantages of the Ni/YSZ anode material are its poor redox 
stability, low tolerance to sulphur [57], carbon deposition when using 
hydrocarbon fuels and the tendency of nickel agglomeration after prolonged 
operation [58,59]. Especially, the low tolerance for carbon deposition makes 
this material inappropriate for operation with available hydrocarbon fuels 
[60-63]. Since nickel is an excellent catalyst for both steam reforming and 
hydrogen cracking, carbon deposition occurs rapidly when hydrocarbon was 
used as the fuel. The mechanism involves carbon chemisorption on the 
nickel surface, carbon dissolution into the bulk nickel, and precipitation of 
graphitic carbon from some facet of the nickel particle after it becomes 
supersaturated in carbon [64]. Unless sufficient amounts of steam are 
present along with the hydrocarbon to remove carbon from the nickel 
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surface at a rate faster than that of carbon dissolution and precipitation, the 
anode will be destroyed.  
 
 
Figure 1.6. Variation of electrical conductivity measured at 1000ºC as a function of 
nickel concentration of Ni/YSZ cermet fired at different temperatures [53]. 
 
The composition of the anode, particle sizes of the powders and the 
manufacturing method are crucial to achieving high electronic conductivity, 
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High electronic conductivity. 
on coefficient (TEC) and chemical 
compatibility with the electrolyte and interconnect materials. 
Stability under an oxidizing atmosphere during fabrication and 
 
(6) Low cost. 
adequate ionic conductivity, and high activity for electrochemical reactions, 
reforming and shift reactions [65]. 
For the anode, there are also alternative materials under analysis [66], 
mainly including some fluorite (ceramics based on CeO2 [33,67] and Bi2O3 
[68]), perovskite (La0.75Sr0.25Cr0.5Mn0.5O3−δ (LSCM) [69], 
La0.8Sr0.2Cr0.97V0.03O3 (LSCV) [70], etc), tungsten bronze 
(Sr0.2Ba0.4Ti0.2Nb0.8O3) [71], and pyrochlore (Gd2Ti2O7 (GT) [72-74]) 
structure materials.  
 
1.2.4.3 Cathode 
 
The cathode is the material where pure oxygen or oxygen from air 
combining electrons externally from the cell, is reduced to oxygen ions. On 
the cathode, the oxygen reduction corresponds to the reaction 1-2. 
Some characteristics needed for cathode materials include [75]: 
(1) 
(2) A matched thermal expansi
(3) Adequate porosity to allow gaseous oxygen to readily diffuse 
through the cathode to the cathode/electrolyte interface. 
(4) 
operation. 
(5) High catalytic activity for the oxygen reduction reaction.
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electrochemical reactions are quite different from nor
heterog
widely believed that the electrochemical reactions can only occur at the 
ase boundary (TPB), which is defined as the confluenc
wh as phase 
 contact.  
stration of the region between the electrolyte and the 
cath
  
Figure 1.7. Schematic diagram showing the location of the triple-phase boundary 
(TPB) at cathode/electrolyte interface. 
 
Among various cathode materials, lanthanum strontium manganite 
(LSM)-based perovskites are, till today, the most investigated cathode 
The mal 
eneous catalytic reaction in many aspects [67]. For instance, it is 
triple-ph e of sites 
ere the oxygen ion conductor, electronic conductor, and the g
come in
A schematic illu
ode where the TPB exists is shown in figure 1.7. If there is a breakdown 
in connectivity in any one of the three phases, the reaction cannot occur 
[76].  
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materials for SOFCs. The sustained interesting and enthusiasm about this 
material arises from the fact that LSM has distinctive advantages as cathode 
of high temperature SOFCs: its high electrical conductivity, high 
electrochemical activity for the O2 reduction reaction, high thermal stability 
and compatibility with the common SOFC electrolytes of YSZ, GDC and 
LSGM at SOFC operating conditions.  
The electronic conductivity of LSM increases approximately linearly 
with increasing Sr concentration up to a maximum around 50 l% [77]. At 
ectrolyte interface [78,79-81]. A little 
amount of Sr substitution decreases the reactivity of LSM compound with 
YS
performance at lower temperatures. 
Usu
mo
high temperature, LaMnO3 undergoes a solid-phase reaction with YSZ to 
form La2Zr2O7 at the electrode/el
Z. However, SrZrO3 forms when Sr concentration is above about 30 
mol% [81-84]. Therefore, a Sr content of 30 mol% is considered as optimal 
against the formation of unwanted electronically insulating phases. 
Generally, the electrical properties of manganite-based perovskite 
compounds are not sufficient for operation at temperatures below 800ºC. 
The absence of oxygen vacancies in LSM restricts the reduction of oxygen 
to the three-phase boundary regions. This limitation is the primary reason 
why LSM does not have acceptable 
ally, two approaches have been taken to improve the performance of 
LSM cathodes so that they may be used at lower temperatures [85]. The first 
is to add a second ionically conducting phase to LSM and the second has 
been to replace La with other rare earth elements or dope LSM with a cation 
(such as, Co, Fe, or Ni) that promotes the formation of oxygen vacancies. 
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 zone is 
enl
g 
cath
]. In iron-based cathodes, 
rea
Increasing the electrode ionic conductivity, oxygen reduction becomes 
possible in a wider interface area around the TPB. Using a mixed ionic-
electronic conductor (MIEC) cathode, the electrochemical reaction
arged over the entire cathode-gas interfacial area. Extending the active 
region, oxygen reduction kinetics is improved. In the case of a pure 
electronic conducting cathode material, the TPB can be increased adding an 
ionic conducting phase (usually YSZ) to form a porous composite 
microstructure (LSM/YSZ composite) [76]. 
Other cathode materials with mixed conductivity have been considered, 
such as (La, Sr)Co3 (LSC) and (La, Sr)(Co, Fe)O3 (LSF/LSCF) for low 
operating temperatures. 
Usually, LSC cathodes display higher ionic and electronic conductivities 
than other cathode materials. Therefore, the use of cobalt-containin
ode materials should result in a decreased cathode polarization 
resistance. La1-xSrxCoO3-δ has a marked electrode activity due to high 
oxygen diffusivity and high dissociation ability of oxygen molecules [86]. 
However, a large amount of cobalt results in an increased thermal expansion 
coefficient, which may result in a delamination at the cathode/electrolyte 
interface or cracking of the electrolyte [87]. 
LSF/LSCF cathodes have shown promising performance with respect to 
the power density and stability at 750ºC [88-90
ctivity with YSZ electrolyte is significantly reduced. In addition, TECs 
of the ferrite-perovskite are relatively close to those of the YSZ and CGO 
electrolyte. 
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electronic conductivity, have 
suf
ination with metal plates [94], Ni/Cr wires [95], doped LaCrO3 
[96] an aCrO3 and 
hromia forming alloys (or a combination) are the most widely employed 
[96
1.2.4.4 Interconnectors/current collectors 
 
To enable higher voltage outputs (and, thus, power outputs) the single 
cell must be stacked into multi-cellular units. Stacking of the single cells is 
carried out using an electronically conducting interconnecting/current-
collector for series or parallel connections. Depending of the SOFC design, 
the interconnect must be both chemically and physically stable in reducing 
and oxidizing environments, have good 
ficient strength to support other cells, and be easily fabricated into the 
required configuration [91]. The literature shows many forms of the 
interconnect/current collector as determined by the cell design. These vary 
from metal wires connected with metal gas separator plates [92,93], Ni felts 
used in comb
d chromia forming metal plates [97]. Of these, doped L
c
]. However, the evaporation of chromium from the surface of the metal 
interconnect on the cathode side have been shown to be detrimental to the 
cell performance. The chromium evaporation can be suppressed, however, 
by surface treatment of the alloy separator [98,99]. Furthermore, the coating 
of the metal interconnect with a perovskite has been shown to decrease the 
contact resistance and improve the stability of cell performance over time 
[95,99-101].  
The design and material component of the interconnect are highly 
dependent on its application with respect to the type of SOFC. For example, 
1 – Literature Review 
28 
  
interconnects have been designed with reduced thermal stresses which 
overcome problems associated with thermal cycling, mismatches in thermal 
expansion coefficient and improved electrical contact [102]. 
 
1.2.5 SOFCs design 
 
For the scope of this thesis a special attention will be paid on the 
description of the tubular design and more specifically on the micro-tubular 
architecture. 
 
1.2.5.1 Basics 
pending of the 
pplication requirements. Both planar and tubular single cells SOFC are 
classified based on its support-configuration into two broad categories 
[103]:
1) 
, anode or cathode-supported.  
 
At present, there are many possibilities of SOFC geometric 
configurations. The two most common designs of SOFCs are the planar and 
the tubular. Each design offer advantages and drawbacks de
a
 
 
Self-supporting.- One of the cell components (often the thickest layer) 
acts as the cell structural support. Thus, single cells can be designed as 
electrolyte
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) External-supporting.- The single cell is configured as thin layers on the 
 
Figure 1.8. Schematic diagram of the SOFC single cell support-configurations; 
ano
1.2.5.2 Planar design 
 
In the planar design configuration, the single cell is configured as flat 
plates which are connected in electrical series. Common plate shapes are 
rectangular (square) or circular. Figure 1.9 shows the planar SOFC design.  
Planar SOFC design has a low physical component volume profile and 
short current path between single cells, which is perpendicular to the cell 
2
interconnect or a porous substrate.  
 
The various cell support-configurations for SOFC are schematically 
shown in figure 1.8. 
 
de (A), cathode (C), electrolyte (E) [103]. 
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plane. Relatively low ohmic losses in the whole stack can be reached. 
Consequently, specific power densities are higher in planar cells than in 
tubular ones. However, gas tight and electrically insulating seals are 
required to separate the interior of the manifold and the outside 
environment. Therefore, sealing becomes quite difficult, especially at the 
high temperatures and the extreme operating conditions of a SOFC [5,104]. 
 
  
 
Figure 1.9. Schematic diagram of the planar SOFC design. 
 
1.2.5.3 Tubular design  
 
In the tubular design, the cell components are deposited in the form of 
thin layers on a cylindrical tube which can be one or both open ends 
depending of processing method used to fabricate it. Figure 1.10 shows the 
tubular SOFC design.  
In comparison with planar design, the tubular design has many desirable 
characteristics, including high thermo-mechanical properties, simple sealing
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quirements, rapid start-up/shut-down time, good thermal shock resistance, 
and excellent power cycling [105-107]. 
Disadvantages of the tubular design include a higher cost of 
manufacture and longer current paths which results in significant ohmic 
losses. 
 
chematic diagram of the tubular SOFC design. 
 an extruded porous tube made of 
calc
ction in the wall thickness of the porous support and later replaced 
by a doped LaMnO3 tube which worked as the cathode electrode. The 
re
 
Figure 1.10. S
 
One of the most prominent tubular SOFC design was developed for 
Westinghouse Electric Corporation (now Siemens Westinghouse Power 
Corporation). It originally consisted of
ia-stabilized zirconia as structural support and as a porous media to the 
passage of air to the cathode. Subsequent improvements in this design were 
the redu
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dimensions of the cells were about 30 cm in length and 1.6 cm in diameter, 
but these were also adjusted to 150 and 2.2 cm, respectively. On this last 
configuration, a long term operation over 30,000 h with a power density of 
about 0.25-0.3 W/cm2 at 1000ºC was successfully conducted (less than 
0.1% per 1000 h performance degradation). However its size is too large to 
be considered for compact SOFC applications [6,7,91]. 
Efforts have been done in recent years to enhance the overall 
performance of tubular cells. The much longer current path in a tubular 
SOFC than in planar cell becomes one of the most concerned issues. 
At present, improvements of tubular SOFC are progressing towards 
developm d mobile 
power generation devices market [108]. 
diameter micro-tubular SOFC could provide ten times more power per stack 
volume than a 20 mm diameter tubular cell. Another order of magnitude 
ent mini- or micro-tubular cells aimed at the portable an
 
1.2.5.4 Miniaturization of SOFC  
 
Because direct conversion of chemical energy into electrical energy 
does not suffer from the thermodynamics efficiency restrictions of 
conventional thermo-mechanical energy production methods, in principle it 
is possible to scale down to the micrometre level the size of the whole 
device without affecting the SOFC overall efficiency [109]. 
The power density of tubular cells scales with the reciprocal of tube 
diameter which is not possible with planar SOFC design. Therefore, a 2 mm 
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us and problematic 
to a
es are 
imp
 the net electrode area per unit of 
volume, resulting in an enhancement of volumetric power density which 
enables devices and auxiliary 
ower units for automotive [110,111]. Therefore, micro-tubular SOCF have 
bee
could be achieved by going to 0.2 mm diameter tubes, but this becomes 
difficult because the connections are then more numero
pply. The most significant issue in micro-tubular cells is connecting the 
metal current collector inside of a very small-diameter tube [6]. 
Several studies showed that the thermo-mechanical properti
roved by using small-sized tubular SOFCs which leads to the quick 
start-up time and high thermo-cycling resistance. Furthermore, small SOFC 
size can bring a substantial increase in
 the realization of SOFC systems for portable 
p
n drawn considerable interest and attention recently. 
 
1.2.6 Micro-tubular SOFC 
1.2.6.1 Fabrication techniques for micro-tubular 
SOFC 
 
The demonstration in the early ‘90s of the extrusion of thin YSZ 
ceramic tubes, with wall thicknesses of between 100 and 200 µm, which 
could be used as the electrolyte for SOFC operation, opened up the micro-
tubular SOFC research field [112]. 
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ted cells [123].  
There are many techniques and methods for the fabrication of micro-
tub ected according to the design, 
materia
production of m
a) Extrusion/co-extrusion 
s. Additionally, the use of co-extrusion 
has
mising possibility that could produce one-step 
pro
Since then, micro-tubular cells have been constructed into anode-
supported [113-118], cathode-supported [119-121], or electrolyte-supported 
configurations [105,122]. 
Currently, the most commonly used cell architecture for the micro-
tubular SOFCs is the anode supported micro-tubular SOFC. This is because 
of the difficult in preparing a dense electrolyte layer on a porous cathode 
support surface (mainly for the reactivity of them during sintering) and to 
the relatively high ohmic losses in the electrolyte-suppor
ular SOFCs. These are carefully sel
ls, configuration, etc. The techniques more frequently used for the 
icro-tubular cells are: 
 
 
Plastic extrusion is the main method for producing micro-tubular cells. 
This is an economic process, which can lead to high-quality ceramics with 
good strength and Weibull modulu
 many advantages over single layer extrusion methods, including 
minimizing fabrication steps and time, hence decreasing production cost. 
Co-extrusion has the pro
cessing of cells [124]. The most typical method for the production of 
micro-tubular cells involves the extrusion of the support tube and its 
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used to produce thin ceramics coating 
on a variety of substrate materials. In this process, the substrate is partially 
tion and then withdrawn from the 
liquid. In comparison to other fabrication methods, the dip-coating process 
is a
PD is a simple and fast deposition technique to produce thin films from 
er particles are charged and suspended in a 
colloidal system. Under the forces of an externally applied electric field, the 
par
subsequent coating with the other components by using slurry coating 
techniques. 
 
b) Dip coating 
 
The dip coating process is widely 
or fully immersed in the precursor solu
n easy and low cost method for preparing thin films and makes the 
process very attractive and economical for potential large-scale commercial 
fabrication [125,126]. The layer thickness is defined by the suspension 
conditions and the time and speed for the dipping. However, the drop 
geometry limits its application in long tubes. The dip coating technique is 
generally used to deposit the electrolyte and the outer electrode on the 
support tubes. 
  
c) Electrophoretic deposition (EPD) 
 
E
colloidal particles. Powd
ticles move to the substrate surface and coagulate in a dense layer [125]. 
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l electric field are variations for this method [125,127]. This 
chnique is commonly used for coating the sintered half-cells with the last 
 
trolled. Although this technique is regularly 
mployed in the production of micro-tubular SOFCs its use is only for the 
 
 
Additionally, the EPD technique offers the possibility of multi-layered 
arrangement before sintering. 
 
d) Spray coating 
 
 This method involve the generation of a fine aerosol of a colloidal 
suspension, which is then directed towards the substrate surface. Moreover, 
spray coating is very suitable for complex shapes and mass production. Heat 
and an externa
te
electrode layer. 
e) Brush painting 
 
The brush painting is a technique in which a suspension is applied 
directly on the substrate surface with a brush. This technique is also easy 
and economic coating technique, but the thickness and composition of the 
layer deposited are poorly con
e
outer electrode. 
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rts have been doing to improve the overall 
perform nce of micro-tubular cells by many groups around the world. 
Different issues have been concerne
alternative processing techniques
view of the performance of micro-
nt research groups is presented.  
One of the most im
develo
al Science and Technology (AIST) jointly 
with the Fine Ceramics Research Association (FCRA) of Nagoya, Japan.  
 be 400, 857 and 1000 mW/cm2 at 500, 550 and 570ºC, 
1.2.6.2 Current status of the performance of 
micro-tubular SOFCs 
In recent years many effo
a
d such as develop new materials, 
, novel cell designs, and so on. The 
progress of micro-tubular SOFC has been reviewed in very recent papers 
[109,112, 124]. 
The main parameter to evaluate the performance of the cells produced in 
this work was based on the power density achieved in each micro-tubular 
cell configuration. Therefore, an over
tubular SOFCs achieved by diverse curre
portant research groups who have contributed to the 
pment of micro-tubular cells in recent years has been the National 
Institute of Advanced Industri
Under the project of “Advanced ceramic reactor”, Suzuki et al. [113] 
have developed a micro-tubular cell of 1.6 mm in diameter and 10 mm in 
length (cathode length of 7 mm), which consists of NiO-Gd doped ceria 
(GDC) as anode (support tube), GDC as electrolyte and (La, Sr)(Fe, Co)O3 
(LSCF)-GDC as cathode. The power density of single micro-tubular cell 
was estimated to
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resp
he 
mat
h 
inte
cently, Suzuki et al. [128] produced a micro-module using three 
mic
e volume of the module 
ectively. The fabrication of bundles composed of 25 cells was also 
developed. 
In another study by Suzuki et al. [117] a stack consisted of 9 cells (three 
bundles in series connection) of 2 mm in diameter was produced. T
erial used for the production of these anode-supported cells was based 
on the NiO-GDC/GDC/LSCF-GDC configuration. The total electrode area 
of the stack was 5.65 cm2 and thus, the power density of 180 mW/cm2 was 
obtained at 484ºC. The relative low performance was attributed to hig
rfacial resistances and low sealing technology. 
Fabrication of needle-type micro SOFC and its potentially bundling has 
been also studied by Suzuki et al. [114].  NiO-GDC/GDC/LSCF 
configuration was used to produce cells with 0.4 mm in diameter. The 
power density of the cell was estimated from the area of cathode (0.06 cm2), 
which were 80, 160 and 300 mW/cm2 with wet H2 fuel at 450, 500 and 
550ºC, respectively. 
More re
ro-SOFC bundles (connected in series) which consisted of five anode-
supported micro-tubular SOFC (connected in parallel) of 0.8 mm diameter 
and porous cathode matrices. The materials used were the NiO-
GDC/GDC/LSCF configuration for single cells and LSCF as porous cathode 
matrix. The total electrode area of the cells was 3.77 cm2 and therefore, a 
maximum power density of 130, 240 and 370 mW/cm2 was obtained at 450, 
500, and 550ºC, respectively. Considering that th
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was
f 6 mm, whose effective cell area was 0.38 cm2 were 
fab
 immersion into a 
solu
GDC. Next, the anode based NiO-GDC was applied by dip coating on the 
 about 0.6 cm3 the maximum volumetric power density were 830, 1500, 
and 2330 mW/cm3 at 450, 500, and 550ºC, respectively. 
Funahashi et al. [115] showed a significant improvement in the 
performance of its micro-tubular cells increasing the porosity in the anode 
from 20 to 40 vol%. The cells of 2 mm in diameter and 15 mm in length 
with cathode length o
ricated using NiO-GDC as anode, GDC as electrolyte and LSCF as 
cathode. The maximum output power density of single cells at 550ºC was 
improved from 280 to 460 mW/cm2. Fabrication technology to integrate 36 
micro-tubular cells in a cathode matrix bundle of 3 x 3 x 3 cm was also 
studied. 
Micro-tubular solid-oxide fuel cell consisting of a 10 µm thick ScSZ 
electrolyte on a support (NiO/ScSC) anode with a GDC buffer-layer and a 
LSCF/GDC functional cathode has been developed for intermediate 
temperature by Liu et al. [129]. The complete cells (1.8 mm in diameter and 
cathode length of 2 cm) were impregnated with Ag by
tion containing AgNO3. The peak power densities of cell without 
impregnation were significantly improved from 110, 310 and 540 mW/cm2 
to 490, 980 and 1060 mW/cm2 at 550, 600 and 650ºC, respectively, after Ag 
impregnation. 
The influence of tube length on the micro-tubular cell performance was 
also analysed by Liu et al. [119]. For the production of the cells a GDC 
layer was deposited on a cathode supported extruded tubes based LSCF-
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 different length as 1.5 and 2 cm was practically measured and 
com
bular cell composed of a dense GDC as electrolyte and a 
por
whose active electrode area is 0.5 cm2. The maximum power densities were 
sintered tubes to complete the cell. In this analysis, the power density of 
cells with
pared. The effective reactive anode areas for the cells with tube length 
of 1.5 and 2cm were 0.07 and 0.22 cm2, respectively. A decrease in the 
maximum power density was noticeable with increasing the tube length. 
The power output achieved at 500, 550 and 600ºC was 110, 130 and 160 
mW/cm2 for the 1.5 cm cell and 30, 49 and 90 mW/cm2 for the 2 cm cell. 
The results clearly suggested that the cell performance was strongly limited 
by the tube length due to the low effectiveness of the current collector used 
for the cathode support. 
A micro-tu
ous LSCF-GDC as cathode deposited on a NiO-GDC anode support 
were produced and tested by Yamaguchi et al. [110]. The prepared tubular 
cell of 1.5 mm diameter and a length of 15 mm, with an active cathode 
length of 6.3 mm, present an active cathode area of 0.29 cm2. The peak 
power densities of 100, 200 and 400 mW/cm2 were achieved at 450, 500 
and 550ºC, respectively, in wet H2 fuel flow. 
In another study by Yamaguchi et al. [130], a cathode supported micro-
tubular of 1.6 mm in diameter and 20 mm in length were produced and 
tested in a wide range of temperatures. Cathode tube (LSM) was uniaxially 
extruded and coated with GDC and ScSZ as interlayer and electrolyte, 
respectively. The anode slurry based NiO-GDC was applied to sintered 
tubes to complete the cells. The anode active length of cells was 10 mm 
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ectively, using wet H2 (3% H2O) as fuel and O2 as 
oxi
oating techniques with a NiO-
GD
ied by Droushiotis et al. [133] at the Imperial College London, in 
UK
4.1, 8.8, 16.6, 35.9, 67.3, 116.5 and 197.2 mW/cm2 at 450, 500, 550, 600, 
650, 700 and 750ºC, resp
dant. In addition, the LSM-supported small SOFC showed sufficient 
durability to permit a rapid start-up operation with a heating rate of 60 
ºC/min. 
In a recent study developed in the School of Mines at Colorado in USA, 
Sin et al. [131] produced and tested micro-tubular cells with an outside 
diameter of 1.6 mm and length of 12 mm. The anode-supported cells were 
produced using traditional extrusion and dip c
C/GDC/LSCF configuration. The maximum power densities obtained 
were 263, 518, and 1310 mW/cm2 at 450, 500, and 550ºC, respectively.  
In an approach proposed by the University of Science and Technology 
of China, Yang et al. [132] developed another anode-supported micro-
tubular cell with a NiO-YSZ/YSZ/LSM configuration. The dimensions of 
the cell were 1.7 mm in diameter and 10 cm in length with a cathode length 
of 1.18 cm whose active cathode area was 0.63 cm2. The thickness of the 
YSZ electrolyte was about 12 µm and the maximum power densities reach 
were 124, 284 and 377 mW/cm2 at 600, 700 and 800ºC, respectively, using 
wet H2 as fuel and static air as oxidant gas. 
The production of co-extruded electrolyte-anode hollow fibre (HFs) has 
been stud
. NiO-CGO/CGO dual-layer HF was fabricated in a single-step co-
extrusion and co-sintering process. LSCF-CGO cathode layer was then 
deposited by slurry coating onto the dual-layer HF to complete the cell. The 
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nd 
550
d size of the half-cells for this 
stud
YSZ electrolyte layer. After the co-sintering of half of cells at 1400ºC 
for 4 h the second electrode was applied by brush painting, this time a 
outer diameter of the whole dual layer HF was about 1.4 mm distributed 
with 220 and 80 µm for the anode and electrolyte, respectively. The 
maximum power densities achieved were 42 and 80 mW/cm2 at 450ºC a
ºC, respectively, with fluxes of hydrogen for anode and air for cathode. 
Optimization of the cathode deposition and development of an improved 
current collection method were suggested to improve the performance of 
cells. 
Almost one year later Droushiotis et al. [134] reported significant 
performance improvements for the HF cells achieved by modification of 
anode and cathode porosities, anode current collection design and cathode 
electronic conductivities. The materials an
y were the same than the previous analysis, but in this case the cathode 
consisted of a LSCF-CGO (50/50) functional layer followed by a pure 
LSCF layer to enhance the electronic conductivity. Although the cathode 
active length for both studies was 20 mm only 10 mm were used for the 
current collection. The improved HF cells produced maximum power 
densities of about 118 and 586 mW/cm2 at 450 and 570ºC, respectively. 
A different processing procedure using electrophoretic deposition was 
proposed by the Alberta Research Council in Canada. Micro-tubular cells 
produced with EPD were produced and tested by Sarkar et al. [135]. NiO-
YSZ cermets with coarse and fine NiO particles were used for anode and 
anode functional layer, respectively. The last layer deposited with EPD was 
a fine 
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compound of LSM/YSZ (50/50) and LSM pure were used as cathode 
functional layer and cathode, respectively. Cell with less than 2 mm in 
diameter and 2 cm of cathode length showed a maximum power density of 
530 mW/cm2 at 800ºC. Later, these cells were modified with a 
Sm0.6Sr0.4CoO3-δ (SSC) as cathode material and the power density was 
enhanced to 742 mW/cm2 at 650ºC using hydrogen and air as combustible 
and oxidant gases, respectively. 
In spite of the satisfactory performances in micro-tubular SOFCs 
achieved by many researchers one of the unsolved issues for such micro-
tubular SOFCs is the ohmic loss when collecting the electrical current. 
For further development in the performance of the micro-tubular SOFCs 
(single cell and stacks), a more efficient current collection mode need to be 
developed. However, the current collection becomes much more difficult 
when the diameter of tube is scaled down, especially within the inner 
electrode. Therefore, many alternative configurations have been proposed to 
increase the effectiveness of current collectors in micro-tubular SOFC.  
 
1.2.7 Methods of current collection in 
tubular/micro-tubular SOFCs 
 
 is gener y recognized that one of the main disadvantages of the 
micro-tubular SOFCs is the high ohmic loss caused by the long current path 
(the way by which the electrons
It  all
 reach the surface of the current collector) 
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dist
136-
138
ome 
onfigurations are reviewed in this section. 
rent path is also schemed. For 
corresponds to the conventional notation (from positive to negative 
term
inctive of the tubular geometry. It has been concluded by many studies 
that increasing the contact area between the electrode and the current 
collector the ohmic loss is decreased as effect of shorter current paths [
]. In the case of the outer electrode this is relatively easy to solve due to 
its exposed surface area (most groups generally use a winding of silver 
around the whole area), but this becomes much more difficult for the inner 
electrode where almost all the surface area available for the electric 
connections is located into the tube/micro-tube. Hence, more attention has 
been paid to improve the current collection from the inner tube; s
c
In order to compare the effect of the current collector configuration on 
the micro-tubular cells their respective cur
convention, the current path flow direction described in this thesis 
inals) and not to the proper electron current flow direction (from 
negative to positive terminals). Figure 1.11 shows the conventional and the 
electron current flow directions. It is important notice that the current path 
defined by a specific current collection configuration is not dependent of the 
current flow direction. 
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ration which offers more possible combinations for 
the current collection in tubular/micro-tubular cells. 
The first method described regards to the tubular cell produced by 
Siemens Westinghouse (Figure 1.12). In this method cell to cell contact is 
made along the cell using a nickel felt along the cell. Thus, current flow 
through the support electrode cathode is ideally circumferential (radial 
direction). In this current collector configuration a significant active area of 
the cell is sacrificed for the interconnector strip. Furthermore, long current 
ubular cells of some centimetres in diameter. The fabrication 
involves high cost deposition techniques but offer an easy way for cell 
series  not 
attractive for micro-tubular cells due to the difficult fabrication process.  
 
Figure 1.11. Schematic diagram of the conventional (a); and electron current flow 
(b) notation. 
 
1.2.7.1 Current collector placed along the cell 
 
This is the configu
paths are clearly seen. This current collection method is restrictive to one-
closed end t
interconnection. In general, this current collection mode is
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Figure 1.12. Schematic diagram of a tubular cell and current path with Siemens 
cells configuration [7,19]. 
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In figure 1.13 a current collection configuration in which a straight 
metal wire is inserted into the tube to make contact with the electrode is 
shown.  
 
 
 
 
Figure 1.13. Schematic diagram of a tubular cell and current path with a straight 
metal wire as current collector. 
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The straight wire configuration is a relatively easy and effective current 
collection configuration for micro-tubular cells but the inner channel may be 
compromised. This configuration is mainly used in cell with both open ends 
[91,102,105,139]. In this case, the current path along the circumference 
(axial direction) is divided in two. The low electric contact between the 
inner electrode and the metal wire cause high ohmic losses, which in 
addition to the longer current paths reduce the overall performance of the 
cell. From this configuration many variations have been proposed. Materials 
such as springs, pastes and metallic wool are employed as substitutes for the 
straight wire. These configurations have increased the electric contact 
between the inner electrode and current collector but the channel for flux of 
gases is significantly decreased. In addition, complex assembly process is 
lar cell with a current collector as spring coil 
geo
evident when the diameter of tubes is scaled down. 
Figure 1.14 shows a tubu
metry. In this configuration the current collector is disposed 
concentrically within the inner electrode such that when sprung back to its 
normal state during assembly, the spring current collector is forced into firm 
uniform tangential electrical contact with the inner surface of the inner 
electrode [140]. 
As a result of a shorter current path this current collector mode is more 
effective than the previous case. Although the current path in the radial 
direction seems linear the current path in the axial direction is divided into 
the number of coils in contact with the inner electrode (figure 1.15).  
1 – Literature Review 
49 
  
tallic wool are slightly 
sho
  
Figure 1.14. Schematic diagram of a tubular cell with a spring coil as current 
collector [141]. 
Despite the difficulties during assembly satisfactory results have been 
reported by using this current collection mode in micro-tubular cells [133].  
The current path in the case of pastes and me
rter than the spring coil configuration due to the homogeneous electric 
contact along the inner diameter of the tube. On the other hand, the porosity 
of the electrode and the volume for the flux of gases are decreased. High 
performances have been achieved using these configurations in micro-
tubular cells [131,134]. 
 
1 – Literature Review 
50 
  
 
 
 
Figure 1.15. Schematic diagram of the current path in radial and axial direction 
with a spring coil as current collector. 
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1.2.7.2 Current collector placed at one/two ends 
 
Currently, this is the most frequently method used to connect single and 
stacks micro-tubular SOFCs. 
In this method wires are well wound and fixed with a metallic paste 
(usually silver paste) around the outside of one or two exposed ends of the 
inner electrode. Collection from the two ends brings the same benefits than 
those mentioned in the straight wire inserted into the tube, but in this case 
ohmic loses are caused by longer current paths in the axial direction (figure 
1.16).  
The main advantages of this current collector method are an easy 
assembly process and a gas flux channel without obstructions. On the 
contrary, a gradual loss of electric contact due to a rapid degradation of the 
paste occurs at high temperatures. Moreover, studies have shown that the 
efficiency of this method is strongly dependent of the tube length due to an 
increasing ohmic resistance [136,137]. 
Following the same principle than show in figure 1.16 a different 
version of the current collection at ends was proposed using a planar multi-
cells array which connects in series tubular SOFCs. The interconnector and 
the multi cell-stack array used in this method are shown in figure 1.17. This 
system was developed for a 40 cell-stack with tubular cells of 1.32 cm in 
ination of wires in the cells 
when stacking. Conversely, longer current paths are recognized due to the 
diameter [118].   
The main benefit of this design is the elim
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current he 
terconnectors are joined to the single cells using an arduous brazing 
tech
 
Fig
 collection from single terminals at each electrode. Moreover, t
in
nique at high temperatures. Currently, this method is not feasible for 
tubes in millimetre range. 
 
 
 
ure 1.16. Schematic diagram of a tubular cell and current path with the current 
collector wound at both ends. 
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Figure 1.17. Schematic diagram of planar multi-cell array with interconnectors at 
ends [118]. 
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1.3 Aim of the Thesis 
 
The present research work is focused on the development of an 
alternative method of current collection for micro-tubular SOFCs. Aspects 
such as well defined geometry, good reproducibility and high power density 
represent the main concerns.  
As mentioned in previous sections, many current methods offer 
advantages and drawbacks when collecting current from the inner electrode. 
The current collection method described in this thesis is addressed to the 
reduction of the longer current paths in tubular cells. Additionally, a feasible 
and effective way to integrate the current collector into the inner electrode 
during the cell production process is presented.  
The most important parameters in the design, processing and 
characterization of the current collector-supported micro-tubular cells 
produced are analysed and discussed in the subsequent chapters.  
 
 
 
2. Experimental 
Procedure 
 
 
 
The experimental procedure followed for the production and 
characterization of micro-tubular cells is reported in this section. The 
techniques and methodology are listed according to the experimental 
progressive order show in figure 2.1. 
 
2.1 Cell Supports 
 
The devices described in this thesis are fabricated using a current 
collector as support. The design of the supports is based on the coiling of a 
metal wire along of a sacrificial inner core which for the base case is 
directly used as support. Many aspects have been considered for the design 
of the cell supports such as: the selection of the sacrificial inner core 
material, diameter and length of the supports, material and diameter of the 
wire, number of turns along the length, cell configuration and deposition 
technique. 
55 
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Figure 2.1. Schematic flow chart followed for the experimental procedure. 
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2.1.1 Cell support materials 
2.1.1.1 Current collector 
 
The material selected for current collection should have properties such 
as high electric conductivity, a higher melting point to resist the sintering of 
the NiO/YSZ cermet (about 1400ºC) and high mechanical resistance. 
Among the materials available, nickel and platinum are outstanding as 
excellent candidates for the purpose. At the same time, the properties of the 
platinum stand up over those of nickel; however, the cost of platinum is 
relatively prohibitive. Therefore, Ni wire was chosen as the current collector 
material for this study. 
Nickel wires (99.994%, Alfa Aesar, Germany) with diameters of 0.05 
mm and 0.1 mm were considered for coiling.  
 
2.1.1.2 Sacrificial inner core 
 
In the case of the material for sacrificial inner core, characteristics such 
as good mechanical resistance, pyrolization and null reactivity with the 
other cell components during processing and sintering are desired. The 
material frequently used as fugitive material is the graphite in its different 
configurations (powders, pellets rods, etc.). 
In some studies, graphite rods have been used as support for the 
production of micro-tubular SOFCs [135,142]. However, graphite in its pure 
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form has not enough mechanical resistance to be used as coiling core. 
Therefore, carbon composites such as carbon fibre and pencil leads seemed 
a better option for the purpose. On the other hand, when carbon composites 
are used some remains after pyrolysis should be expected.  
The sacrificial inner core materials used for this research consisted of 
commercial pencil leads (Faber Castell, Super polymer, 9065 S-2B, 
Germany) and carbon fibre (Carbon-Composite Technology, Waldstetten, 
Germany) with 0.5 mm in diameter and a length of 50 mm. 
The effect of the remains from carbon composites is considered in the 
characterization of cells. 
 
2.1.2 Production of cell supports 
 
In order to coil the Ni wire homogeneously along the coil cores (carbon 
composites), the metal wire was attached to one end of the core and placed 
on the shaft of an in-house-built electric engine able to fix the number of 
turn per centimetre in each support. The spring coil was finally pulled along 
the core to ensure intimate contact between surfaces. A schematic diagram 
of the coiling system is shown in figure 2.2. 
The number of turns per centimetre is determined by the distance 
between the attachment point and the nickel reel. A balance between a high 
number of turns along the core to increase the electric contact surface 
(shorter current paths) without affect the permeability of the electrode was 
hypothesized.  
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Figure 2.2. Schematic diagram of the coiling system. 
 
2.1.3 Pyrolization tests 
 
The conditions to eliminate the core from the supports cells during 
successive heating treatments were analysed through pyrolization tests. 
Temperatures, heating rates, atmospheres and holding times were conjunctly 
analysed in order to eliminate the core completely without affect the 
metallic current collector. As the pyrolization of the cores is carry out in air 
atmosphere the integrity of the metallic spring coil was evaluated after the 
heat treatment. 
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The conditions of the thermal treatments are summarized in table 2.1. 
The thermal treatment and sintering of cells was done in a tubular furnace 
(HTRH 100-300/18, GERO Hochtemperaturöfen GmbH, Germany). A 
protective atmosphere (Ar) was used upon free cooling. 
 
Table 2.1. Pyrolysis tests conditions for cell supports 
Temperature 
(ºC) 
Heating Isotherm 
Rate 
(ºC/min) 
Atmosphere 
Time 
(h) 
Atmosphere 
800 
5 
Air 
0 - 
1 Air 
2 Air 
3 Air 
Ar 
0 - 
1 Air 
2 Air 
3 Air 
10 
Air 
0 - 
1 Air 
2 Air 
3 Air 
Ar 
0 - 
1 Air 
2 Air 
3 Air 
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2.2 Powders Processing 
 
The choice of materials for the electrolyte and electrodes used for the 
production of the micro-tubular SOFCs was based on the commercially 
available and relatively well-know materials currently used for the 
production of planar and tubular SOFCs [25,143]. 
Different techniques and methods were applied for the characterization 
of powders. According to the geometry of the cell supports the technique 
most appropriate for the coating deposition is dip coating. Therefore, the 
powders processing was focused on the establishment of the most 
convenient parameters for this technique.  
 
2.2.1 Materials 
 
NiO (J.T. Baker Inc., USA) and two different 8 mol% Y2O3-ZrO2 (TZ-
8Y and TZ-8YS, Tosoh, Japan) powders were used in this study. The 
difference of the YSZ powders is their specific surface area (SSA), which is 
in the order of 13 m2/g for the 8Y and 6 m2/g for the 8YS. Cermet based 
NiO-YSZ (58/42 wt% ratio) and YSZ were used as anode and electrolyte, 
respectively.  
In order to increase the porosity of the cermet graphite powder (Flake, 
7-10 μm, Alfa Aesar, Germany) was added in the range of 5-10 wt%. The 
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effect of the pore former on the microstructure of cermet was investigated 
using a Scanning Electron Microscope (JEOL, JSM 5500, Japan). 
Finally, La0.8Sr0.2MnO3-δ (LSM, Fuel Cell Materials, USA) was used as 
cathode material. A bilayer-structured material consisted of a layer of LSM-
YSZ (50/50 wt% ratio) as functional ionic layer and a second layer made of 
pure LSM as electronic layer was applied.   
 
2.2.2 Powders characterization and suspensions 
optimization 
 
Characteristics such as the SSA and dispersant concentration were 
measured for each powder by means of nitrogen adsorption (BET) method 
(ASAP 2010, Micromeritics, USA) and sedimentation tests respectively. 
The powders were dispersed with a commercial dispersant of ammonium 
polyacrylate (Darvan 821A, R.T. Vanderbilt Company Inc., USA). The 
green strength of the layers deposited was increased with the addition of 
high molecular weight acrylic based polymers in aqueous emulsion 
(Duramax B-1000 and B-1014, Rohm and Haas Co., France) during the 
slurries preparation. The amount of binders was varied according to the 
results obtained in the dip coating.  
Slurries with different YSZ powders were prepared for anode and 
electrolyte with the objective to find the best combination for the cells 
production.  
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2.2.2.1 Sedimentation tests 
 
The sedimentation tests are based on the comparison of sediment heights 
measured in function of time of slurries with different dispersant 
concentration poured into a test tube. After a period of time (usually 30 
days) the most compact sediment would indicate the dispersant 
concentration required to stabilize that suspension. 
The concentration of dispersant was calculated for the NiO, YSZ (8Y 
and 8YS) and graphite powders. The order in the addition of elements is 
determinant for the slurries fabrication. The way followed in this study was 
first put the grinding media (zirconia spheres) into a jar and subsequently 
the powder, water and the dispersant at the specific concentration. The 
concentrations analysed were 0, 0.005, 0.01, 0.03, 0.05 and 0.1 mL of 
dispersant/g of powder. The powder (4 wt%) with water (distilled) and 
dispersant is milled in a high energy vibratory mill (Turbula T2F, Bachofen,  
Switzerland) for 2 h. Then, the slurry is recuperated and poured into a test 
tube. The measurement of the height was periodically checked. Three zones 
are detected in sedimentation test: 
 
1. Clear zone: Absence of particles due to a rapid sedimentation. 
2. Diffuse zone: Smaller and well-dispersed particles are suspended for 
longer periods of time. 
3. Compact zone or sediment: Bigger particles and agglomerates 
sediment faster and after a long period of time the dispersed particles 
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will sediment too. The sediment of a stable suspension is more 
compact than that with agglomerates due to better arrangement 
between particles (without the free spaces present in agglomerates).  
 
Figure 2.3 shows the difference between the three zones present during 
sedimentation tests. 
 
 
Figure 2.3. Schematic diagram of the zones detected in sedimentation tests [144]. 
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2.2.2.2 Slurries preparation 
 
Stable slurries were prepared for anode and electrolyte at different solid 
loading contents (from 60 to 90 wt% and 60 to 80 wt%, respectively). 
Combinations of anode and electrolyte powders were considered before 
analyze the effect of graphite on the anode microstructure.  
The procedure followed for the fabrication of suspensions was 
similar to that reported for the sedimentation tests. In this case, the amount 
of dispersant was added in the respective concentration needed to 
deflocculate each powder. The suspension recuperated after milling was 
maintained in agitation with a magnetic stirrer during 1 h. Later, the first 
binder (B1014) was gradually added and maintained under a gently stirring 
for 30 min. Similarly, the second binder (B1000) was added to the slurry 
and maintained in agitation for 1 h before use it. Different amounts of 
binder were analysed in order to fabricate crack-free layers at green. 
 
2.2.2.3 Cathode ink preparation 
 
A suspension of cathode particles was done using α-Terpineol as ink 
vehicle (V-006, Fuel Cell Materials, USA). The powder and the terpineol 
are put into a jar and mixed for 2 h. Then the suspension is recovered and 
poured into a container for dip. Solid loading contents between 20 and 50 
wt% for the functional and conductive layers were analysed. 
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2.3 Production of Micro-
Tubular SOFC 
 
The production of micro-tubular cells includes the analysis and 
development of the most proper condition for the coating, characterization 
and sintering of anode, electrolyte and cathode materials. As the technique 
of dip coating was used for the production of electrodes and electrolyte 
many factors have been analysed such as solid loading in suspensions and 
the amount of binder needed to increase the green strength of the anode and 
electrolyte layers. In addition, by using an electric engine was possible 
change the dip coating parameters (dip/withdrawal speed and dwelling). 
The flow chart to produce the micro-tubular cell by dip coating is 
schematic shown in figure 2.4. 
 
 
Figure 2.4. Schematic flow chart to produce cells by dip coating. 
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2.3.1 Dip coating process for half-cells 
 
Dip coating was an effective easy-technique to cover the support cells 
with the electrodes and electrolyte materials. In addition, a good control of 
thickness is achieved by manipulating the parameters of the process. Trials 
were done with different solid loads, binder content, dip and withdrawal 
speed, dwelling times and drying methods to produce half-cells with the 
characteristics desired. The conditions analysed for the dip coating process 
in half-cells are summarized in table 2.2. 
 
Table 2.2. Conditions analysed for dip coating process in half-cells 
 Anode Electrolyte 
Suspension 
Solid loading (wt%) 60-90 60-80 
Binder content 
(wt%) 
B1014 0.01-0.2 0.01-0.2 
B1000 0.01-0.2 0.01-0.2 
Dip coating 
Dip/withdrawal (mm/min) 10-80 10-80 
Dwelling (min) 0-2 0-2 
Drying 
Time (h) 0.5-24 0.5-24 
Temperature RT-120ºC RT-120ºC 
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The solid load contents of slurries were varied depending of the 
characteristics of layers deposited on the supports. It was distinguished that 
high solid loads will produce a thick layer with low volume contraction and 
faster drying time. On the other hand, at lower solid loads a thin layer with 
higher volume contraction and longer drying times will be obtained.  
The amount of binder in slurries is another significant parameter for dip 
coating. Especially for long surfaces such as rods due to high axial stresses 
during drying. The main purpose of the additives in coating techniques is 
the enhancement of the mechanical properties before sintering. In the case 
of dip coating the high cohesion of particles produced by the additives 
improves the adhesion to the substrate which benefits the homogeneity of 
thickness along the length. However, a less control of thickness can result 
from the much more material deposited in each dip. Therefore, the 
importance to reach the thickness desired with a minimum number of dips. 
In this study, the amount of binders used in the slurries was defined 
empirically. 
The inherent parameters of dip coating such as dip and withdrawal 
speed and dwelling time were studied. Generally, the dip speed has not an 
evident effect on the coating thickness whereas the withdrawal speed has a 
key role in the control of thickness. A low withdrawal speed allows a 
thinner coating with a more homogeneous thickness along the length. 
Finally, the effect of dwelling presents an increase in the thickness and is 
quite evident from the second dip.  
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The last step in the dip coating process corresponds to the drying 
method. This is the most critical parameter in the dip coating process since 
defects and cracks are generated during it. The most common defects in the 
coatings are cracks in the radial direction due to high axial stresses 
generated by differences in thickness along the length. The effect of 
temperature and time on drying was analysed in the range of room 
temperature to 120ºC and from 30 min to 24 h, respectively.  
The number of dips was defined by thickness obtained by using specific 
conditions combinations.  
 
2.3.2 Thermal analysis of half-cells 
 
Due to the differences in SSA values of the two YSZ powders was 
possible formulate different combinations for anode and electrolyte. The 
thermal behaviour of each one of these combinations was investigated by 
means of thermo-mechanical analysis (Dilatometer Setaram, Setsys 
Evolution, France). Cylindrical-shaped samples of around 5 mm in diameter 
and 4 mm in height of each configuration were tested at 1400ºC with 
heating rate of 5 ºC/min in air atmosphere. Details regarding to the rate and 
maximum shrinkage were useful for the selection of the proper combination 
between the anode and electrolyte. The combinations of powders for anode 
and electrolyte are:  
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- Anode 
1. NiO/YSZS  
2. NiO/YSZ 
3. NiO/((YSZS/YSZ) (70/30 wt% ratio)) 
 
- Electrolyte 
1. YSZS 
2. YSZ 
3. YSZS/YSZ (70/30 wt% ratio) 
 
The shrinkage observed in each combination will be with comparative 
purposes only due to the effect of graphite pyrolization, wire oxidation and 
argon atmosphere on the real sintering of cells. However, when cracks 
caused by thermal mismatches were present after sintering on half-cells the 
thermal behaviour of these combinations addressed the shrinkage tailoring.  
 
2.3.3 Effect of pore former in anode 
 
After the choice of the most feasible combination of anode and 
electrolyte for the production of micro-tubular cells was preceded to the 
analysis of the graphite on the porosity and microstructure of anode. 
As a support, anode is much thicker than other components. Therefore, 
the anode should provide enough open pores for transporting fuel and 
reactive products so that electrochemical reaction can be lasted. Otherwise, 
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great concentration polarization loss will make cell power decrease rapidly. 
There are two kinds of pores: open pores and close pores. The close pores 
are ineffective, so should be reduced. Higher porosity may reduce close 
pores; however, the strength and electrical conductivity is also decreased. 
According to the theory of seepage flow, more than 33% porosity is needed 
to form most open pores, so anode porosity should be controlled between 30 
and 40% [145]. 
In order to reach the porosity needed in the anode, graphite was added as 
pore former and the content was in the range of 5-10 wt%. 
The porosity at different graphite contents were measured by 
Archimede’s method. A base case with no addition of graphite was also 
checked. 
Due to the hydrophobic and non wetting nature of graphite, the addition 
of binder was readjusted to avoid the separation of graphite from the 
NiO/YSZ slurry. 
 
2.3.4 Co-sintering of half-cells 
 
The co-sintering of half cells was developed in three consecutive stages: 
 
i) The elimination of additives below 600ºC in air. 
r 1 h. 
ii) The pyrolization of the pore former and inner core around 700-
800ºC in air fo
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n. 
iii) The co-sintering of anode and electrolyte layers up to 1380ºC for 
2 h in argo
 
The thermal cycle followed for the co-sintering of half cells is shown in 
figure 2.5. A constant heating rate of 5 ºC/min was used for all the 
treatment. After the elimination of organics and fugitive materials an argon 
atmosphere is used to protect the nickel wire of excessive oxidation during 
sintering (including cooling).  
 
 
Figure 2.5. Thermal cycle for the sintering of half-cells. 
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2.3.5 Deposition and sintering of cathode 
 
The last step in the production of micro-tubular cells corresponds to the 
deposition of cathode. A bilayer-structured material was developed for 
cathode. The first layer is used as functional layer and the second one has 
the objective to increase the electronic conductivity. Both layers were 
deposited from cathode inks by dip coating. The use of ink as dispersant 
media has advantages such as high stability over time and good adhesion to 
the surfaces. Additionally, the microstructure generated is enough porous 
for the transporting of gas species to the reactive sites. The deposition of 
cathode is relatively easy, so less parameters where varied for its 
application. 
 
2.3.5.1 Cathode deposition and characterization 
 
The sintered half-cells were dipped into the cathode inks with solid load 
contents in the range of 20 to 50 wt%.  
The thickness of the coatings is majorly controlled by the solid loading 
content. At low solid contents the coating is thinner and more homogeneous 
than at high loading contents. On the other hand, the dip/withdrawal speed 
and dwelling time parameters have relatively low impact of the coating 
thickness.  
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The temperature of drying was analysed from room temperature to 
120ºC. It was observed that a fast drying cause severe cracking along the 
length which can be solved with low drying rates at room temperature. 
The porosity of cathode was measured at the respective solid loads. 
Generally, the porosity is governed by the ink vehicle evaporation more 
than the solid loading content. Consequently, similar porosity was measured 
for the different solid loads studied. 
In table 2.3 are summarized the conditions analysed for the deposition of 
cathode. 
  
Table 2.3. Conditions analysed for the cathode deposition 
 Functional and conductive layer 
Suspension 
Solid loading 
(wt%) 
20-50 
Dip coating 
Dip/withdrawal 
(mm/min) 
10-80 
Dwelling  
(min) 
0-2 
Drying 
Time  
(h) 
0.5-24 
Temperature  RT-120ºC 
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2.3.5.2 Sintering of cathode 
 
The thermal cycle for the sintering of cathode is quite similar to that for 
half-cells due to the protective atmosphere needed for the nickel wire. In 
this case (figure 2.6), a successive sintering process consisted of the 
elimination of organics at 800ºC for 1 h in air followed by the sintering at 
1150ºC for 2 h in argon with a heating rate of 5 ºC/min was done. 
 
 
Figure 2.6. Thermal cycle for the sintering of cathode multi-layered. 
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2.4 Performance analysis of 
Micro-Tubular SOFC 
 
The performance of the current collector-supported micro-tubular cells 
was measured by means of electrochemical tests (I-V curves). The power 
density obtained by using the current collector- supported cells is compared 
with the performance of a micro-tubular SOFC produced and tested under 
similar condition but using one of the most common methods of current 
collection (straight wire along the core of cell).  
 
2.4.1 Testing apparatus 
2.4.1.1 Current collector-supported cells 
 
The electrochemical performance was measured with a built-in-house 
test station. Figure 2.7 shows the schematic diagram of the test setup 
apparatus for the current collector-supported micro-tubular cells. 
The two terminals of nickel wire used as coil current collector were 
directly attached to platinum wires (99.997%, Alfa Aesar, Germany) for the 
current collection on the anode side. While the current collection from the 
cathode side was conducted with a platinum gauze (99.9%, 0.1 mm 
diameter wire, 25 mm x 25 mm, Alfa Aesar, Germany) wrapped on the 
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whole external cathode area. Silver ink (99.997%, Alfa Aesar, Germany) 
was used to increase the electric contact between the gauze and the cathode 
surface and in the attachment points between the nickel and platinum wires. 
The micro-tubular cell was then fixed and sealed with two alumina tubes 
via a ceramic sealant (Ultratemp 516, Aremco, Valley Cottage, NY) and 
placed into a tubular furnace. Finally, the current collecting wires were 
brought outside the furnace to achieve the electrical connections. 
 The I-V characteristics of the cells were measured using a potentiostat 
(Autolab PGSTAT302N, Eco Chemie, Netherlands) and a computer for data 
acquisition. 
  
 
 Figure 2.7. Schematic diagram of the setup apparatus for current collector-
supported cells. 
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2.4.1.2 Straight wire within the core of the cells 
 
The experimental apparatus and assembly process for the straight wire 
current collection method (figure 2.8) is similar to that described for current 
collector-supported cells. 
The difference consists in the anode current collection method. In this 
case, a straight nickel wire (99.994%, Alfa Aesar, Germany) of 0.1 mm in 
diameter was inserted within the core of the micro-tubular cells for current 
collection. The nickel wire ends were then attached to the platinum wires.  
 
 
Figure 2.8. Schematic diagram of the setup apparatus for a straight wire current 
collection method. 
2 – Experimental Procedure 
79 
  
.4.2 Conditions of testing2  
t collection method is in practical terms the only 
variable upon testing. 
 2.4.2.1 Anode reduction 
he cathode of the 
tube was exposed to the ambient air without flowing gas.  
 
 
The conditions of the electrochemical testing reported in this section are 
identically for the two current collection methods. Moreover, the power 
density obtained in each cell is affected by its active cathode area. 
Therefore, the curren
 
 
The reduction of anode was achieved at high temperature. Therefore, the 
cells were heated at 10 ºC/min in the furnace to their respective operative 
temperatures, which are 700, 750 and 800ºC while nitrogen passed through 
the inner channel at 25 mL/min. After reach the target temperatures, 
nitrogen supply was gradually turned off as hydrogen was introduced. 
Anode reduction was achieved by passing hydrogen humidified by bubbling 
water at room temperature (97% H2 and 3% H2O) with a flow rate of 25 
mL/min through the cell for an exposure time of 25 min. T
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2.4.2.2 Electrochemical testing 
ere tested by linear sweep 
vol
m Autolab B.V) software was used to control the data 
acquisition process. 
 
 
The current-voltage (I-V) curves w
tammetry at a scanning rate of 5 mV/s.  
Nova 1.6 (Metroh
 
 
3. Results and 
Discussion 
 
 
 
The results of the activities described in the experimental procedure are 
reported and discussed in this section. The results will show that the current 
collector-supported cells were successfully produced and tested with 
performances in good agreement with the state of art of the micro-tubular 
cells. In addition, the enhancement of the performance by using the current 
collection method proposed in this study will be justified in terms of shorter 
current paths in comparison with a common current collection method. 
 
3.1 Cell Supports 
 
The produced cell supports are shown in figures 3.1 to 3.3. It can be 
seen that although the coiling conditions were fixed for all cases, the 
number of turns per centimetre is also dependent of the type of core used. 
The useful length for the coiling was about 4 cm for both cores (figure 3.3). 
The characteristics of the produced support cells are summarized in table 
3.1. 
81 
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Table 3.1. Characteristics of cell supports 
Core type 
Core diameter 
(mm) 
Wire diameter 
(mm) 
Turns per 
centimetre 
Pencil lead 0.5 
0.1 
11-12 
0.05 
Carbon fibre 0.5 
0.1 
12-13 
0.05 
 
 
Figure 3.1. Photograph of current collector supports with pencil leads and different 
wire diameter. 
3 – Results and Discussion 
83 
  
 
Figure 3.2. Photograph of current collector supports with carbon fibre and different 
wire diameter. 
 
The thermal treatments performed on the support cells showed that the 
more convenient conditions for the elimination of the inner core were 
heating in air up to 800ºC with heating rate of 5 ºC/min, followed by an 
isotherm of 1 h in air. However, the two diameters were barely oxidized. 
While the thicker wire maintained enough mechanical resistance after the 
treatment, the thinner wire was not useful for subsequent processing steps. 
Figure 3.4 shows the 0.1 and 0.05 mm wires after core elimination. 
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Figure 3.3. Photograph of current collector supports length. 
 
 
Figure 3.4. Photograph of 0.1 and 0.05 mm nickel wires after core elimination 
process. 
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3.2 Powders Processing 
3.2.1 SSA and dispersant concentration 
 
The results of specific surface area and dispersant concentration 
measurements are summarized in table 3.2. Although the dispersant acts 
only on the surface of the particles, a direct proportional ratio is not evident. 
This is due to the effect of characteristics such as porosity, geometry and 
size of particles in powder on the sedimentation. 
 
Table 3.2. SSA and dispersant concentration for different powders 
Powder 
SSA 
(m2/g)
Dispersant concentration 
(mL Darvan/g of powder) 
NiO 3.5 0.005 
YSZS 6 0.005 
YSZ 13 0.01 
Graphite 12 0.01 
LSM 5.6 - 
 
3.2.2 Thermal analysis 
 
Using the values reported in table 3.2, stable slurries of anode and 
electrolyte with a solid loading content of 80 wt% were produced to analyse 
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the shrinkage behaviour of the different combinations. The addition of 
binder was not necessary for the production of samples used in dilatometric 
tests. 
The main purpose of the dilatometric curves (figure 3.5 and 3.6) was to 
establish the best combination of anode and electrolyte layers to reduce 
thermal stresses upon sintering. 
 
 
Figure 3.5. Dilatometric curves for anode cermet combinations. 
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The dilatometric anode curves (figure 3.5) show a calcination step of 
2.5% from 440ºC to 700ºC. Then the cermet NiO/YSZ presents a slightly 
increase in the sintering rate in comparison with the others two. On the other 
hand, the lowest sintering shrinkage (23.8%) was achieved by using the 
cermet NiO/(YSZ/YSZS) with the slowest sintering rate. The cermets 
NiO/YSZ and NiO/YSZS present the same shrinkage value (28.4%) at 
1380ºC with a slightly slower sintering rate of the second one. The main 
shrinkage step started at 1000ºC for the three samples. 
 
 
Figure 3.6. Dilatometric curves for electrolyte combinations. 
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In the dilatometric electrolyte curves (figure 3.6) only the YSZ sample 
started volume changes at low temperatures (around 300ºC). Additionally, 
the highest shrinkage (22%) was also achieved with the fastest sintering rate 
by this sample. The behaviour of the other samples was quite similar 
between them. The main and only shrinkage step for these samples was 
started at 1100ºC and the shrinkage at 1380ºC was of 13%. 
From the dilatometric curves shown in figures 3.5 and 3.6 a distinctive 
difference in shrinkage is observed in the respective anode cermets (around 
5%) and electrolytes (9%) combinations. This suggests that the overall 
shrinkage of half-cells can be successfully tailored by changing the 
cermet/electrolyte combination. 
Three different approaches were proposed for the selection of the most 
appropriate combination. In order to consider the effect of the nickel wire on 
the sintering of half-cells springs without cores or any specific conditions 
(early trials in the coiling of nickel wire) were used to deposit the anode and 
electrolyte layer for the respective combination. 
 
1. Similar shrinkages between anode and electrolyte. 
Only the combination of NiO/(YSZS/YSZ)-YSZ presents a 
relatively match between anode (23.8%) and electrolyte (22%). The 
samples sintered under this criterion were cracked and bended due to 
high thermal stresses. Figure 3.7 shows a sample after sintering. 
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Figure 3.7. Photograph of NiO/(YSZS/YSZ)-YSZ half-cell sintered at 1380ºC. 
 
2. Fix the lowest anode shrinkage and change the electrolytes. 
In this case, the cermet NiO/(YSZS/YSZ) was fixed to deposit the 
other two electrolytes with lower shrinkage. The results are basically 
the same than the previous case. Axial and radial cracks are present 
along the half-cell. Therefore, the cermet with the lowest shrinkage 
don not seems effective in the production of half-cells. Figures 3.8 
and 3.9 shows the samples sintered with this principle. 
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Figure 3.8. Photograph of NiO/(YSZS/YSZ)-(YSZS/YSZ) half-cell sintered at 
1380ºC. 
 
 
Figure 3.9. Photograph of NiO/(YSZS/YSZ)-YSZS half-cell sintered at 1380ºC. 
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3. Fix the highest anode shrinkage and change the electrolytes. 
In this case, the cermet made of NiO/YSZS was fixed and a better 
matching with the electrolytes was achieved. However, the 
combination with the YSZ continues present a slightly bending and 
cracking (Figure 3.10). On the other hand, a good thermal matching 
without bending nor cracks was obtained with the YSZS (Figure 
3.11) and YSZS/YSZ (Figure 3.12), though for simplicity the YSZS 
was choice for the production of half-cells. The characteristics of 
this combination are the highest anode shrinkage (28.4%) with the 
lowest electrolyte shrinkage (13%). 
 
 
Figure 3.10. Photograph of NiO/YSZS-YSZS half-cell sintered at 1380ºC. 
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 Figure 3.11. Photograph of NiO/YSZS-(YSZS/YSZ) half-cell sintered at 1380ºC. 
 
 
 Figure 3.12. Photograph of NiO/YSZS-YSZS half-cell sintered at 1380ºC. 
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3.2.3 Effect of pore former within the anode 
 
The pore former analysis was developed by using stable anode slurries 
with a solid loading content of 80 wt% (around 66.7 wt% after the addition 
of binders). The amount of each binder was fixed arbitrarily at 10 wt% of 
the slurry weight recovered after mixing to avoid the separation of graphite 
from the slurry. The slurries composition for different graphite contents is 
reported in table 3.3. 
 
Table 3.3. Anode slurries composition at different pore former contents 
Component 
(wt%) 
Graphite content in the anode slurries (wt%) 
0 5 8 10 
NiO 46.4 43.5 41.76 40.6 
YSZ (8YS) 33.6 31.5 30.24 29.4 
Water 19.6 19.575 19.56 19.55 
Dispersant 0.4 0.425 0.44 0.45 
 
The slurries were deposited on a glass support and dried at 80ºC for 5 h. 
The samples were finally sintered at 1380ºC for 2 h. Successively, the 
porosity and microstructure of the samples were evaluated. The porosity 
measured by the Archimede`s method is shown in figure 3.13.  
The addition of graphite into the anode slurries increases significantly 
the porosity of the anode cermet. The porosities obtained were 20, 33.5, 
36.8 and 39.6% for 0, 5, 8 and 10 wt% of graphite, respectively. Thus, using 
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5 wt% of graphite assures the porosity needed for the fuel flux through the 
anode thickness maintaining its mechanical and electrical properties. 
The microstructure of the samples sintered at 1380ºC is show in figures 
3.14-3.17. A more porous microstructure is obtained as the graphite content 
is increased.  
 
 
Figure 3.13. Effect of graphite content on the porosity of the anode cermet sintered 
at 1380ºC. 
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Figure 3.14. Micrograph of the anode microstructure without pore former sintered 
at 1380ºC. 
 
 
Figure 3.15. Micrograph of the anode microstructure with 5 wt% of pore former 
sintered at 1380ºC. 
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Figure 3.16. Micrograph of the anode microstructure with 8 wt% of pore former 
sintered at 1380ºC. 
 
 
Figure 3.17. Micrograph of the anode microstructure with 10 wt% of pore former 
sintered at 1380ºC. 
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3.2.4 Addition of binder 
 
Due to the large length and complex geometry of the cell supports and 
the high stresses of layers during drying the addition of binders to the anode 
and electrolyte slurries was necessary to increase their mechanical strength 
in green. In addition, the use of binder avoids the separation of graphite in 
anode slurries. 
The amount of binders in the anode and electrolyte slurries was 
determined in function of their adhesion to the substrates and the 
homogeneity of thickness along the cell length more than the viscosity.  
Slurries with 80 wt% were used to determine the amount of binder in 
anode and electrolyte slurries. The quantity of binder used for the anode and 
electrolyte is reported in table 3.4. The amounts of binder can be increased, 
but a low control of thickness must take into account. On the other hand, if 
the amount of binder is decreased defects such as cracks and graphite 
separation can emerge. 
 
Table 3.4. Amount of binder added to the anode and electrolyte slurries 
 
Binder 
(wt%) 
B1014 B1000 
Anode 0.02 0.1 
Electrolyte 0.05 0.1 
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3.2.5 Cathode porosity 
 
The porosity of cathode inks was evaluated at different solid loading 
contents. The procedure to fabricate the samples is similar to that of anode 
cermet, but in this case the drying was developed at room temperature for 
12 h and the sintering temperature was 1150ºC for 2 h.  
The porosity present in the cathode is generated from the evaporation of 
terpineol. Thus, the solid loading content has a low impact on the cathode 
porosity.  
The porosity measured at different solid loading content is reported in 
table 3.5. 
 
Table 3.5. Porosity of cathode at different solid load contents 
Solid content 
(wt%) 
Porosity 
(%) 
Functional 
(LSM/YSZ) 
Conductive 
(LSM) 
20 36 42 
30 36 41 
40 38 42 
50 38 41 
 
 
3 – Results and Discussion 
99 
  
The relatively high porosity of cathode will facilitate the pass of air 
through the cathode thickness to reach the active sites which reduces the 
activation and concentration losses.  However, ohmic losses should be 
expected due to the interrupted percolation paths and the lower electric 
conductivity of porous structures.  
The microstructures of the cathode at different solid loads are shown in 
figures 3.18-3.22. As indicated in the table 3.5 the microstructures of the 
cathode confirm the similar porosity between the samples with different 
solid loading contents.  
 
 
Figure 3.18. Micrograph of the cathode microstructure with LSM pure at 20 wt% 
sintered at 1150ºC. 
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Figure 3.19. Micrograph of the cathode microstructure with LSM/YSZ at 20 wt% 
sintered at 1150ºC. 
 
 
Figure 3.20. Micrograph of the cathode microstructure with LSM/YSZ at 30 wt% 
sintered at 1150ºC. 
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Figure 3.21. Micrograph of the cathode microstructure with LSM/YSZ at 40 wt% 
sintered at 1150ºC. 
 
 
Figure 3.22. Micrograph of the cathode microstructure with LSM/YSZ at 50 wt% 
sintered at 1150ºC. 
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3.3 Production of Micro-
Tubular Cells 
3.3.1 Dip coating parameters 
 
The dip coating parameters has a significant effect of the coating 
thickness. It was confirmed the increase of thickness with high 
dip/withdrawal speed. On the other hand, at low speed the thickness of the 
coating is thinner, but the number of dips is increased which cause an 
accumulation of stresses during the drying step. An intermediate speed was 
fixed for the deposition of electrodes and electrolyte. 
Dwelling time was also useful for the control thickness. In general, 
longer dwelling times will produce thicker coatings (starting from the 
second dip). However, large thicknesses show higher stresses during drying. 
Nevertheless, a dwelling time was benefit for lower solid loading contents. 
No dwelling time was used for the electrodes, but a dwelling time of 30 
seconds was useful for the electrolyte.  
Table 3.6 summarizes the dip/withdrawal speed and dwelling time 
conditions for the electrodes and electrolyte coating.  
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Table 3.6. Dip coating parameters for the anode, electrolyte and cathode 
Parameter Anode Electrolyte Cathode 
Dip/withdrawal speed 
(mm/min) 
50 50 50 
Dwelling (s) - 30 - 
 
3.3.2 Drying conditions 
 
The drying was the most critical step in the dip coating process. Times 
and temperatures were analysed for the electrodes and electrolyte. Due to 
longer rods used as substrate the stresses generated along the length are 
dependent of the thickness and the solvent content in the suspension. The 
drying should be fast as possible to avoid the wring of the material 
deposited. Additionally, a more homogeneous radial drying is favoured with 
high drying speed which in turns reduces the axial stresses. However, an 
excessive drying speed creates stresses due to the internal pressure 
generated by the liquids evaporation. The conditions more convenient for 
the electrode and electrolyte drying are reported in table 3.7. 
 
Table 3.7. Drying conditions for the anode, electrolyte and cathode 
Drying Anode Electrolyte Cathode 
Temperature (ºC) 100 100 Room 
Time (h) 1 1 12 
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3.3.3 Anode coating 
 
At this point the composition of the anode slurry and the parameters of 
the dip coating process have been defined, now its solid load content is 
analysed. It must be noticed that all the solid loads reported correspond to 
the slurry without additives. In the anode coating is also considered the 
different geometries of the cell supports used for the fabrication of the two 
micro-tubular cell configurations evaluated in this study. 
Due to the simpler rod geometry of the carbon composite supports the 
number of dips is increased to reach the thickness desired. However, the 
more homogeneous thickness along the length facilitates the deposition and 
drying.  
The effect of the solid loading on the anode thickness was the same for 
both supports. At solid load contents of 60 and 70 wt% many dips are 
required and cracks are generated for the high stresses produced by 
repeatedly dry steps. Conversely, at solid load content of 90 wt% only a few 
dips are required, but the drying of larger thicknesses generates cracks and 
bubbles too. The samples coated with slurries at solid load contents of 80 
and 85 wt% do not present cracks for any of those supports. Furthermore, 
the number of dips can be decreased by using a solid load of 85 wt%. 
Therefore, the solid loading for anode slurries was fixed at 85 wt%. 
The effect of the solid load contents on the anode coating is reported in 
table 3.8 and figures 3.23-3.27 show the most common defects on the layers 
deposited with the respective solid loading content. 
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Table 3.8. Effect of solid loading content on the anode coating 
Solid load 
content 
(wt%) 
Number of dips 
Observations 
Current collector-
supported 
Carbon composite-
supported 
Pencil 
lead 
Carbon 
fibre 
Pencil 
lead 
Carbon 
fibre 
60 12 14 14 16 Radial cracks 
70 9 10 11 12 Radial cracks 
80 4 5 6 7 Free cracks 
85 3 4 5 6 Free cracks 
90 2 3 4 5 
Radial cracks and 
bubbles 
 
  
Figure 3.23. Photograph of the anode layer deposited with the slurry at 60 wt% 
(green state). 
3 – Results and Discussion 
106 
  
 
  
Figure 3.24. Photograph of the anode layer deposited with the slurry at 70 wt% 
(green state). 
 
 
Figure 3.25. Photograph of the anode layer deposited with the slurry at 80 wt% 
(green state). 
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Figure 3.26. Photograph of the anode layer deposited with the slurry at 85 wt% 
(green state). 
 
 
Figure 3.27. Photograph of the anode layer deposited with the slurry at 90 wt% 
(green state). 
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3.3.4 Electrolyte coating and half-cell co-sintering 
 
The supports with the anode layer were dipped into electrolyte slurries 
at different solid load contents. The analysis of the electrolyte deposition 
was focused on the development of a gas tight and thinner electrolyte 
coating. The number of dips with slurries at different solid loading contents 
for each support is reported in table 3.9. The figure 3.28 shows the 
electrolyte layer deposited on the porous anode at green state. 
 
Table 3.9. Effect of solid loading content on the electrolyte coating 
Solid load 
content 
(wt%) 
Number of dips 
Observations 
(After sintering) 
Current collector-
supported 
Carbon composite-
supported 
Pencil 
lead 
Carbon 
fibre 
Pencil 
lead 
Carbon 
fibre 
60 2 2 2 2 
Cracks and poor 
adhesion 
70 1 1 1 1 
Free cracks and 
thin 
80 1 1 1 1 
Free cracks and 
wide 
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Figure 3.28. Photograph of the electrolyte deposited with the slurry at 70 wt% 
(green state). 
 
The condition of the electrolyte coating was evaluated after the sintering 
at 1380ºC. Figures 3.29-3.34 show the electrolyte deposited of different 
solid load contents after sintering. The inner coaxial diameter of the half-
cells and the presence of the nickel wire within the anode are also clearly 
distinguished. The thickness of the electrolyte is increased as the solid 
loading content increase. At 60 wt% the thickness of the electrolyte is 
around 10-12 µm, but was not effectively adhered to the porous anode and 
cracks. At 70 and 80 wt% the adhesion to the anode was good and the 
thickness was in the range of 25-30 µm and 80 µm, respectively. Thus, the 
solid loading content for the electrolyte coating was fixed at 70 wt%.  
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Figure 3.29. Micrograph of the half-cell length with the electrolyte at 60 wt% 
sintered at 1380ºC. 
 
 
Figure 3.30. Micrograph of the half-cell diameter with the electrolyte at 60 wt% 
sintered at 1380ºC. 
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Figure 3.31. Micrograph of the half-cell length with the electrolyte at 70 wt% 
sintered at 1380ºC. 
 
 
Figure 3.32. Micrograph of the half-cell diameter with the electrolyte at 70 wt% 
sintered at 1380ºC. 
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Figure 3.33. Micrograph of the half-cell length with the electrolyte at 80 wt% 
sintered at 1380ºC. 
 
 
Figure 3.34. Micrograph of the half-cell diameter with the electrolyte at 80 wt% 
sintered at 1380ºC. 
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3.3.5 Remains from carbon composites 
 
The remains from the pencil leads and carbon fibre after sintering were 
analysed microscopically. The half-cells produced with carbon fibre and 
pencil leads are compared in figure 3.35.  
 
 
Figure 3.35. Photograph of the half-cells with pencil lead (a); and carbon fibre (b) 
as sacrificial inner core sintered at 1380ºC. 
 
The carbon fibres used in this study are based Polyacrylonitrile 
polymers (PAN) and after the pyrolysis treatment at 800ºC any remain was 
detected (figure 3.35 (b)).  
In the case of the pencil leads some remains are clearly seen in figure 
3.35 (a). These impurities come from the “writing core” which is made from 
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a mixture of graphite, wax, oils and clay, the latter of which is the binding 
agent [146]. 
The presence of the impurities remained from the pyrolysis of the pencil 
lead onto the inner anode surface is shown in figure 3.36. 
 
 
Figure 3.36. Micrograph of the remains deposited onto the inner anode surface: (a) 
longitudinal-section view; (b), (c) surface view at different magnifications. 
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The remains deposited onto the inner anode surface will cause a slight 
reduction in the porosity. As the remains are detected only in small areas 
along the cell length the effect in the reduction of porosity should not be 
significant. Nevertheless, ohmic losses should be expected in the 
electrochemical testing due to the low electric conductivity of the clay 
potentially present into the anode.  
  
3.3.6 Cathode coating 
 
In order to complete the cells was proceeded to the cathode deposition 
onto the half-cell. The bilayer-structured cathode coating was achieved by 
using inks with different solid load contents.  
The half-cells were dipped into the functional and conductive cathode 
inks once. Using solid load contents between 30 and 50 wt% the layers were 
heterogeneous along the length due to the wring caused for the longer 
drying times. At 20 wt% the layer was thinner and well controlled, thus this 
solid contend was fixed for the cathode deposition.  
The cathode thickness after sintering was below 50 µm. Figure 3.37 
shows the complete current collector-supported micro-tubular cell after the 
cathode sintering. 
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Figure 3.37. Micrographs of the complete current collector-supported cell: (a) 
cross-section overview; (b) surface view at higher magnification. 
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3.4 Performance analysis of 
Micro-Tubular Cells 
3.4.1 Cells size 
 
The dimensions of the cells used in the electrochemical testing are 
reported in table 3.10. The dimensions are analogous for both produced 
cells. Figure 3.38 shows the comparison of the two reported cells. It is 
clearly seen that the terminals of the coil-supported nickel wire (top) are 
available for the electrical connection; while the common tubular cell 
(bottom) needs the insertion of the straight nickel wire as current collector. 
 
Table 3.10. Dimensions of the micro-tubular cells produced 
 Average 
Anode thickness (µm) ~200 
Electrolyte thickness (µm) 20-30 
Cathode thickness (µm) <50 
Inner diameter (µm) ~400 
Outer diameter (mm) <1.2 
Cell length (mm) ~30 
Cathode effective length (mm) ~20 
Cathode active area (cm2) ~0.75 
3 – Results and Discussion 
118 
  
 
Figure 3.38. Photograph of the complete current collector-supported (top) and 
common (bottom) micro-tubular cell. 
 
3.4.2 Current paths 
 
As mentioned in previous sections, one of the major advantages of the 
current collection method developed in this study is the reduction of current 
paths in tubular geometry. This current collection method not only reduces 
the current paths but the percolation threshold along the anode thickness 
too. Although the nickel content in the anode cermet ensures a high 
electrical conductivity the porosity and thickness of the cermet can reduce 
the percolation paths causing ohmic losses. If a nickel wire is integrated 
within the anode, the overall nickel content is increased, thus increasing the 
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Figure 3.39. Schematic diagram of the effect of a superficial (a) and integrated (b) 
current collector on the percolation paths in the anode cermet.  Arrows indicate the 
effective percolation paths. 
effective percolation paths. The effect in percolation and current paths by 
using an integrated current collector is shown in figure 3.39 and 3.40, 
respectively. It can be seen that the number of effective percolation paths is 
increased when the current collector is within the anode (figure 3.39 (b)). 
This benefits porous materials where the continuity of the percolation paths 
is interrupted. 
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hmic losses reduction. 
 
 
 
 
Figure 3.40. Schematic diagram of the current path in radial and axial direction by 
using the current collector-supported method. 
The current paths shown in figure 3.40 are clearly shorter than those 
described in previous sections. Thus, the current collector-supported cells 
should offer a significant o
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3.4.3 Performance of current collector-supported 
cells 
 
The longitudinal-section view of the current collector-supported cell is 
presented in figure 3.41. The embedment of nickel wire within the anode 
cermet is clearly seen.  
 
 
Figure 3.41. Photograph of the longitudinal-section view of the current collector-
supported cell. 
 
3.4.3.1 Carbon fibre sacrificial core 
 
The performance of the current collector-supported micro-tubular cell 
with carbon fibre as sacrificial inner core is show in figure 3.42. The open 
circuit voltage (OCV) achieved was 0.94 V; this voltage was slightly lower 
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than expected possibly caused by a gas leakage in the electrolyte. The peak 
power outputs were 92, 142 and 202 mW/cm2 at 700, 750 and 800ºC, 
respectively. 
 
.2 Pencil lead sacrificial core 
The performance of the current collector-supported micro-tubular cell 
with pencil lead as sacrificial inner core is shown in figure 3.43. In this case, 
the OCV was 0.93 V and the maximum power outputs were 56, 112 and 190 
 
 Figure 3.42. Performance of current collector-supported micro-tubular cell with 
carbon fibre as sacrificial inner core.  
 
3.4.3
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mW/cm2 at 700, 750 and 750ºC, respectively. The power density of the cells 
made using pencil leads shows a barely lower performance in comparison 
with those fabricated with the carbon fibre at 800ºC, but becomes more 
significant as decrease the temperature. This result suggests that the remains 
of the pencil leads have a low detrimental effect on the performance of cell, 
especially at high temperatures. Additionally, the OCV values obtained in 
both cells are similar, thus the remains do not affect the gas tightness of the 
electrolyte.  
 
 
Figure 3.43. Performance of current collector-supported micro-tubular cell with 
pencil lead as sacrificial inner core. 
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3.4.4 Performance of cells with straight wire within 
the cell core 
 
The longitudinal-section view of the tubular cell for testing with the 
common current collection methods is show in figure 3.44.  
 
 
Figure 3.44. Photograph of the longitudinal-section view of the cell tested with a 
common current collector.  
 
re is shown in figure 3.45. The OCV achieved (1.06 V) 
indicates a denser without leakage electrolyte layer. The peak power outputs 
were 18, 34 and 55 mW/cm2 at 700, 750 and 800ºC, respectively. These 
 
3.4.4.1 Carbon fibre sacrificial core 
The performance of the micro-tubular cell with carbon fibre as 
sacrificial inner co
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per
ovative current 
collection methods has been demonstrated.  
 
 
igure 3.45. Performance of the micro-tubular cell with carbon fibre as sacrificial 
inne
ect of the remains on the cell 
formances are 3-4 times lower than those reported for the current 
collector-supported cells, thus the effectiveness of the inn
F
r core and straight wire within the cell core as current collector. 
 
3.4.4.2 Pencil lead sacrificial core 
 
The performance of the cells with the common current collector method 
and pencil lead as core shown the lowest performance registered among the 
different cases (figure 3.46). Here, the eff
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performance also reduced the overall cell performance in similar ratio than 
the current collector-supported cells. The OCV achieved was 1.08 V and the 
maximum power densities were 13, 23 and 43 mW/cm2 at 700, 750 and 
800ºC, respectively. 
 
 
igure 3.46. Performance of the micro-tubular cell with pencil lead as sacrificial 
inne
F
r core and straight wire within the cell core as current collector. 
 
 
 
4. Conclusions 
 
 
 
4.1 Cell Supports 
 
Commercial carbon composites materials such as pencil leads and 
carbon fibre were successfully used as sacrificial inner core for the 
production of micro-tubular SOFC.  
The pencil leads offer the most economic option, but many drawbacks 
were observed. The difference in compositions between marks and batches 
can not ensure constant chemical composition and therefore the thermal 
behaviour and additive traces change, too. Furthermore, the sizes of the 
pencil leads are established and it is not possible change the length for the 
production of longer cells. Additionally, the fragility of pencil leads 
becomes a problem during processing. 
The carbon fibres are relatively more expensive material, but the 
benefits offered in the production of the micro-tubular cells were invaluable. 
The composition of the carbon fibre is completely defined, thus the thermal 
and physical properties are quite constant. The most important 
characteristics of the carbon fibre are the high flexural resistance and the 
127 
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null presence of remains after pyrolysis. Moreover, longer carbon fibre 
lengths are commercially available.   
The number of turns per centimetre along the cores was effectively 
controlled by using an engine. Although the 0.05 and 0.1 mm wire 
diameters were successfully coiled around the cores only the thicker wire 
kept enough mechanical resistance after the pyrolysis treatment.  
 
4.2 Production of Micro-
Tubular Cells 
 
Micro-tubular cells with two different configurations were successfully 
produced by sequentially dip coating.  
The most proper conditions in porosity, thermal behaviour, dip coating 
parameters, solid loading contents, sintering temperatures and atmospheres 
were established for the production of these devices.  
Good reproducibility in the two micro-tubular cells configurations was 
achieved. Nevertheless, the processing of cells produced with pencil leads 
was much more arduous due to the fragility of the pencil leads during the 
coating and drying steps. 
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4.3 Performance of Micro-
Tubular Cells 
 
The efficiency of the innovative current collector developed in this study 
was demonstrated. The current collector method reported enhances 
significantly the overall performance of micro-tubular cells by shorter 
current paths.  
The power density achieved with the current collector-supported micro-
tubular cells with diameter below 1.2 mm and a cathode active area of ~0.75 
cm2 was in good agreement with the current state of the art for analogous 
devices. 
The performances of cells with pencil lead as sacrificial core were lower 
than those with carbon fibre due to the effect of the impurities on porosity 
and electrical conductivity of the anode cermet.  
 
4.4 Future work 
 
Currently, different approaches are being analysed for the improvement 
of the current collector-supported micro-tubular cells reported in this study. 
The most concern issues includes: (i) the effect of the number of turns per 
centimetre  around the cores on the cell performance, (ii) improvement of 
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the cermet microstructure by using functional anode layer, (iii) impedance 
analysis on cells to distinguish the polarization contributions, (iv) effect of 
the current collector on the mechanical properties of the micro-tubular cells, 
(v) development of a coating technique in which the sacrificial core would 
not be necessary and (vi) development of cells for intermediate temperature 
by using new materials for anode and electrolyte.  
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